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Abstract The US Environmental Protection Agency funded
five academic research centers in 2005 to address uncertain-
ties in the health effects caused by airborne particulate matter
(PM) as suggested by the 1998 National Research Council
report, “Research Priorities for Airborne Particulate Matter.”
The centers employed multidisciplinary teams of epidemiolo-
gists, toxicologists, atmospheric scientists, engineers, and
chemists to approach four key research themes: susceptibility
to PM, biological mechanisms of PM response, exposure–
response relationships, and source linkages. This review
presents selected accomplishments in these categories from
the past 5-year period. Publications from the centers are sum-
marized to provide both an overview of the accomplishments
to date and easy reference to much of the original literature

published by the centers. Numerous investigators worked
together within and across centers to investigate the relation-
ships between atmospheric PM and health effects, including
(a) the role of reactive oxygen species, inflammation, the
nervous system, and the cardiovascular system, (b) particle
characteristics such as size, composition, source, and temporal
pattern of exposure, and (c) phenotypic and genotypic char-
acteristics of the population that influence the level of expo-
sure and risk in response to a given exposure.
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Abbreviations
AHR Airway hyperresponsiveness
Al Aluminum
APOE Apolipoprotein E
As Arsenic
BAL B aggressive lymphoma
BC Black carbon (preferred over EC, elemental

carbon)
BMI Body mass index
BP Blood pressure
Br Bromine
BW Body weight
CAPs Concentrated ambient particles
CI Confidence interval
CNS Central nervous system
CO Carbon monoxide
COPD Chronic obstructive pulmonary disease
COX Cyclooxygenase
CPZ Capsazepine
Cr Chromium
CRP C-reactive protein
Cu Copper
DC Dendritic cell
DCFH-
DA

Dichlorofluorescein diacetate

DEP Diesel exhaust particulates
DPF Diesel particulate filters
DTT Dithiothreitol [assay]
EC Endothelial cell
ECG Electrocardiogram
eNO Exhaled nitric oxide
EUK-
134

chloro[[2,2′-[1,2-ethanediylbis[(nitrilo-
κN)methylidyne]]bis[6-methoxyphenolato-
κO]]]-manganese (not spelled out in the text)

GSTM1 Glutathione S-transferase M1
HBEpCs Human bronchial epithelial cells
HDL High-density lipoprotein
HF High frequency
HFE Hemochromatosis [gene]
HMEC Human microvascular endothelial cell
HMOX-
1

Heme oxygenase-1

HR Heart rate
HRV Heart rate variability
Hsp27 Heat shock protein 27
ICAM-1 Intercellular adhesion molecule-1
IL Interleukin [IL-4, IL-5, IL-6]
LA Los Angeles
LF Low frequency
LINE Long interspersed nucleotide element [as in

LINE-1]
LPL Lipoprotein lipase
LPS Lipopolysaccharide

MAP Mitogen-activated protein [kinase]
MESA
Air

Multi-Ethnic Study of Atherosclerosis and Air
Pollution

MI Myocardial infarction
Mn Manganese
Na Sodium
NAC N-acetylcysteine
NAS Normative Aging Study
Ni Nickel
NO2 Nitrogen dioxide
NQO-1 NADPH quinone oxidoreductase-1
OC Organic carbon
OVA Ovalbumin
ox-PAPC Oxidized 1-palmitoyl-2-arachidonyl-sn-glyc-

ero-3-phosphorylcholine
PAH Polycyclic aromatic hydrocarbon
Pb Lead
PM Particulate matter
PM0.25 Particulate matter <0.25 μm in diameter
PM10 Particulate matter <10 μm in diameter
PM2.5 Particulate matter <2.5 μm in diameter
PN Particle number
QTc QT interval [in ECG]
ROS Reactive oxygen species
S Sulfur
SAA Serum amyloid A
sCD40L Soluble CD40 ligand [protein]
SDNN Standard deviation of normal-to-normal
Si Silicon
sICAM-
1

Soluble intercellular adhesion molecule-1

siRNA Small interfering RNA
SNP Single nucleotide polymorphism
SOD1 Superoxide dismutase 1
ST Isoelectric period [in ECG plot]
sVCAM-
1

Soluble vascular cell adhesion molecule-1

SVOC Semivolatile organic compound
TBARS Thiobarbituric acid reactive substances

assay
TERESA Toxicological Evaluation of Realistic Emissions

Source Aerosols
TNF-α Tumor necrosis factor-α
TRPV1 Vanilloid receptor 1
UFP Ultrafine particle
V Vanadium
VA NAS Department of Veterans Affairs Normative

Aging Study
VCAM-
1

Vascular cell adhesion molecule-1

VEGF Vascular endothelial growth factor
vWF von Willebrand factor
Zn Zinc
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Introduction

In 2005, the US Environmental Protection Agency (EPA)
funded the second 5 years of particulate matter (PM) re-
search centers to continue investigating the links between
airborne PM and a range of health effects as motivated by
the National Research Council report “Research Priorities
for Airborne Particulate Matter” (National Research Council
1998). Centers managed by Harvard University (Boston,
MA), University of Rochester (Rochester, NY), and
University of California, Los Angeles (Los Angeles, CA)
continued from the previous 6-year funding period, while
centers managed by Johns Hopkins University (Baltimore,
MD) and University of California, Davis (Davis, CA)
started anew. All five centers employ multidisciplinary
teams of scientists and engineers to approach four key areas
of uncertainty, each with their own section in this review:
mechanisms, source linkages, exposure–response relation-
ships, and susceptibility. This review summarizes selected
findings from the five centers during this 5-year period of

research. More details and all center publications can be
found at the center web sites (U.S. EPA 2010).

Biological mechanisms of PM response

Figure 1 illustrates a primary hypothesis for the mechanism
by which PM in ambient air affects human health. The
mechanism is through the induction of pulmonary inflam-
matory responses mediated through the generation of reac-
tive oxygen species (ROS).

PM size, composition, and reactivity—deposition, uptake,
and oxidative stress

The premise that particles are able to enter and deposit in the
respiratory tract is of paramount importance to PM toxicity.
Exposure to ambient particles in the respiratory tract or other
organ systems can lead to chemical reactions with the formation
of ROS and can form covalent bonds with tissue nucleophiles.

Fig. 1 Particle-induced ROS generation as a major mechanism for the
adverse effects of PM in the respiratory, cardiovascular, immune, and
neural systems. ROS are generated by organic chemicals (e.g., PAH
and quinones) and/or transition metals associated with PM and UFP,
which contain a significantly greater amount of organic chemicals than
PM10 and PM2.5 due to their small size and large surface area. ROS
interact with the lung, immune effector cells, and the cardiovascular
systems to cause cellular oxidative stress, resulting in inflammation
and altered function leading to disease. Because of their extremely
small size, inhaled UFP are capable of being transported from the nose,
along the olfactory nerve, to the olfactory bulb, where they can also
induce oxidative stress and inflammation in the brain. Genetic variation

also plays an important role in determining the health effects of PM.
Polymorphisms in antioxidant and phase II enzyme genes (for exam-
ple, HO-1 and GSTM1) have been associated with increased suscep-
tibility to the adverse pulmonary effects of PM, whereas
polymorphisms in ApoE, LPL, and VEGF genes may render individ-
uals more prone to the particles’ cardiovascular effects. Taken together,
studies undertaken by the EPA PM centers suggest that ROS produc-
tion and induction of cellular oxidative stress by PM-associated organ-
ic chemicals and/or metals, combined with the particle’s physical
properties, are major mechanisms responsible for the diverse health
effects of particulate pollutants
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Assays have been developed through PM center support to
quantitatively determine the capacity of PM samples to generate
ROS (DiStefano et al. 2009) while alsomeasuring the content of
electrophiles generated (Shinyashiki et al. 2009). These assays
can be applied to a variety of ambient and diesel exhaust
particles and to vapors. Interestingly, researchers have noted that
pro-oxidants and electrophiles in the vapor phase of ambient air
samples have an electrophile content approximately 10 times
that found in the particle phase (Eiguren-Fernandez et al. 2010).

Hatzis et al. (2006) evaluated the direct interaction of
ambient particulates with protective enzymes present in
oxidative stress responses. They found that copper/zinc
(Cu/Zn) superoxide dismutase, manganese (Mn) super-
oxide dismutase, glutathione peroxidase, and glutathione
reductase are consumed by interactions with particles of
varying toxicities. These findings stress the potential
importance of gene expression and transcription to form
new enzymes in the presence of particulates. Nel et al.
(2006) devised a hierarchical oxidative stress response
model to more fully explain the mechanisms by which
PM and its redox-active organic chemicals induce adap-
tive, proinflammatory and toxic cellular effects.

Deposition and uptake of particles in the respiratory tract
are probably of key importance to the toxicity observed in
tissue target sites and organ systems (Donaldson et al. 2008;
Wegesser et al. 2009). The ability of inhaled ultrafine par-
ticles (UFP) to translocate from sites of deposition in the
respiratory tract to secondary organs may directly contribute
to changes found in vascular, cardiac, and central nervous
system (CNS) endpoints. For example, radiolabeled ultra-
fine iridium particles have been observed in rats to translo-
cate from lung surfaces through interstitial pathways, reenter
the conducting airways, and eventually be cleared through
the gastrointestinal tract (Semmler-Behnke et al. 2007). In
these studies, alveolar macrophage clearance of UFP
appears to be less efficient than for larger particles. Only a
small fraction of the deposited UFP (between 0.1 and 1.0 %)
is transported to secondary organs (Kreyling et al. 2009).
UFP depositing in the nose have also been shown to traverse
the olfactory nerve to the olfactory bulb. Ultrafine Mn oxide
particles that translocate in this manner induce inflammation
and oxidative stress in specific regions of the brain (Elder et
al. 2006; Ngo et al. 2010).

Target: respiratory

The mechanisms by which airborne particles affect the
respiratory tract have been a critical area of study in the
PM centers. In particular, susceptibility of the respiratory
system in compromised hosts has been of great interest. Liu
et al. (2009) found that an adjuvant effect of ambient UFP
on the primary immune response enhances allergic sensiti-
zation to mouse allergen ovalbumin (OVA). They correlated

this adjuvant effect to particles’ oxidant potential and poly-
cyclic aromatic hydrocarbon (PAH) content. Subchronic
effects of PM in the lung have further been investigated in
a murine model of asthma with OVA exposure. Significant
increases in airway responsiveness to acetylcholine in OVA-
treated mice were noted, with Baltimore PM exposure in-
ducing significant changes in airway hyperresponsiveness
(AHR) in both naive mice (healthy) and OVA-induced asth-
matic mice (susceptible). PM evoked eosinophil and neu-
trophil infiltration into airways, elevated B aggressive
lymphoma (BAL) protein content, and stimulated secretion
of Th1 cytokines (IFN-γ, interleukin (IL)-6, and tumor
necrosis factor-α (TNF-α)) and Th2 cytokines (IL-4, IL-5,
and eotaxin) into murine airways in both healthy and sus-
ceptible mice. PM effects on AHR and BAL eosinophil
peaked at day 4 following PM exposure and declined to
basal levels after 7 days. Furthermore, PM consistently
induced the expression of genes involved in innate immune
responses, chemotaxis, and complement system pathways.
Asthmatic marker genes, such as CLCA3, TFF2, and CFB,
were synergistically deregulated by PM challenge in sus-
ceptible mice (Wang et al. 2008).

Wilker et al. (2009a) assessed candidate genes for
respiratory disease associated with markers of inflamma-
tion and endothelial dysfunction in elderly men. Plasma
levels of circulating C-reactive protein (CRP), fibrinogen,
intercellular adhesion molecule-1 (ICAM-1), and vascular
cell adhesion molecule-1 (VCAM-1) were obtained from
679 participants in the Normative Aging Study (NAS).
Blood samples were analyzed for 202 single nucleotide
polymorphisms (SNP) in 25 candidate genes and includ-
ed both haplotype tag SNPs and functional SNPs. In
analyzing the relationship between biomarker level and
genotype adjusted for age and body mass index (BMI),
SNPs in the CRHR1, ITPR2, and VDR genes showed
significant associations. These results suggest that genes
thought to play a role in the pathogenesis of asthma and
chronic obstructive pulmonary disease (COPD) may in-
fluence levels of serum markers of inflammation and
endothelial dysfunction via SNP associations that have
not previously been associated with cardiovascular dis-
ease (Wilker et al. 2009b).

A variety of inhalation studies in laboratory animals
continue to confirm the ability of particle size and compo-
sition to influence acute and subacute impacts on the lungs
(Smith et al. 2006; Pinkerton et al. 2008; Wegesser et al.
2009; den Hartigh et al. 2010; Zhong et al. 2010). The
importance of a lag time in observed PM response (Smith
et al. 2006) as well as age and synergism between PM
components in neonates and adults (Pinkerton et al. 2008;
Wegesser et al. 2009; Zhong et al. 2010) emphasizes the
importance of particle size, concentration, and composition
in respiratory outcomes.

336 Air Qual Atmos Health (2013) 6:333–355



Target: immune system

The adjuvant effect of UFP may be explained, at least
partially, by a particle’s effect on antigen presenting dendrit-
ic cells (DC). Chan et al. (2006) demonstrated that pro-
oxidative diesel exhaust particulates (DEP) induce oxidative
stress in DC and interfere with lipopolysaccharide (LPS)-
induced Th1-promoting response pathways. Zhao et al.
(2009) found that Baltimore PM induced cyclooxygenase
(COX)-2 expression and IL-6 release through both an ROS-
dependent NF-κB pathway and an ROS-independent C/
EBPβ pathway in human bronchial epithelial cells
(HBEpCs) in culture. Pretreatment with N-acetylcysteine
(NAC), EUK-134, or ROS scavengers attenuated PM-
induced ROS production, COX-2 expression, and IL-6 re-
lease. PM-induced ROS was of mitochondrial origin, as
evidenced by increased oxidation of the mitochondrially
targeted hydroethidine to hydroxyethidium by reaction with
superoxide. Exposure of HBEpCs to PM stimulated phos-
phorylation of NF-κB and C/EBPβ, while the NF-κB in-
hibitor, Bay11–7082, or C/EBPβ small interfering RNA
(siRNA) attenuated PM-induced COX-2 expression and
IL-6 release. Furthermore, NAC or EUK-134 attenuated
PM-induced activation of NF-κB; however, NAC or EUK-
134 had no effect on phosphorylation of C/EBPβ. In addi-
tion, inhibition of COX-2 partly attenuated PM-induced
prostaglandin E2 and IL-6 release.

Target: cardiac

Rhoden et al. (2005) used a rat model of unilateral dener-
vation of the lung to explore the role of PM-induced oxidant
stress in altering cardiac function via a complex combina-
tion of sympathetic and parasympathetic neural responses.
After instillation of either saline solution (control) or urban
air particles to denervated lung, cardiac and pulmonary
oxidants were measured using in vivo chemiluminescence.
Cardiac responses to PM were significantly attenuated in
denervated animals, suggesting that pulmonary reflexes are
important in the development of cardiac damage by PM.
Ghelfi et al. (2008) investigated the effect of blockade of
vanilloid receptor 1 (TRPV1) on concentrated ambient par-
ticles (CAPs)-induced cardiac oxidative stress and dysfunc-
tion in a rat model of inhalation exposure. Capsazepine
(CPZ), a selective antagonist of TRPV1, was given through
intraperitoneal injection or as an aerosol immediately before
exposure to CAPs. Control and CPZ-treated rats were ex-
posed to filtered air or CAPs (218±23 mg/m3). CPZ de-
creased CAPs-induced cardiac oxidative stress measured by
in situ chemiluminescence, tissue edema, and lipid perox-
idation as measured by thiobarbituric acid reactive substan-
ces assay (TBARS). CAPs-related changes in cardiac
rhythm and electrocardiogram (ECG) morphology were

prevented by CPZ. These data suggest that CAPs exposure
alters action potentials, leading to changes in conduction
velocity and ventricular repolarization, and that triggering
of TRPV1-mediated autonomic reflexes in the lung is es-
sential for the observed changes in cardiac rhythms.

Tonne et al. (2009) showed that long-term exposure to
vehicular traffic particles is associated with an increase in
the occurrence of acute myocardial infarction (MI). Cases of
acute MI were more exposed to traffic and traffic particles
compared to controls. An interquartile range increase in
modeled traffic particles was associated with a 10 %
(95 % confidence interval (CI), 4, 16 %) increase in the
odds of acute MI.

In this report, the term black carbon (BC) is used to refer
to the elemental carbon content of PM. von Klot et al.
(2009) showed that, when the effect of estimated BC on
the long-term mortality of patients discharged after MI was
analyzed using a Cox proportional hazards model (control-
ling for a variety of demographic, medical history, and
clinical variables), chronic traffic-related particulate air pol-
lution was associated with increased mortality in hospital
survivors of acute MI after the second year of survival.

Chuang et al. (2008) assessed PM air pollution as a risk
factor for isoelectric period (ST segment) depression in
patients with coronary artery disease. Elevation in PM of
<2.5 μm in aerodynamic diameter (PM2.5) and BC levels
predicted depression of half-hour-averaged ST segment lev-
els. An interquartile increase in the previous 24-h mean BC
level was associated with a 1.50-fold increased risk of ST
segment depression ≥0.1 mm (95 % CI, 1.19 to 1.89) and a
−0.031 mm (95 % CI, −0.042 to −0.019) decrease in half-
hour-averaged ST segment level (continuous outcome).
Effects were greatest within the first month after hospitali-
zation and for patients with MI during hospitalization or
with diabetes. Therefore, the risk of pollution-associated ST
segment depression may be greatest in those with myocar-
dial injury in the first month after the cardiac event. ST
segment depression of ischemic type (≥1.0 mm) was also
associated with increased exposure to PM2.5 and BC in
patients with coronary artery disease in a panel study in
the Los Angeles (LA) air basin (Delfino et al. 2011). The
findings of the above studies suggest that traffic-related air
pollutants may carry important chemical components that
result in cardiac ischemia.

Bartoli et al. (2009) measured the effect of CAPs on
myocardial blood flow and perfusion using fluorescent
microspheres in a canine model of myocardial ischemia.
CAPs exposure decreased total myocardial blood flow dur-
ing coronary artery occlusion by 0.12 mL/min/g (p<0.001)
and was accompanied by a 13 % (p<0.001) increase in
coronary vascular resistance. CAPs effects on myocardial
blood flow were significantly more pronounced in myocar-
dium within or near the ischemic zone versus more remote
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myocardium (p interaction<0.001). Robust correlations
were found with particles associated with vehicular traffic.
These results suggest that PM exacerbates myocardial is-
chemia by increased coronary vascular resistance and de-
creased myocardial perfusion and provides an explanation
for both the increases in acute MI in human studies and the
findings of long-term cardiac mortality found in those
chronically exposed to traffic pollution.

In a study by Ramos-Bonilla et al. (2010), AKR/J inbred
mice were exposed to ambient air for 6 h/day for 40 week-
days to study cardiac outcomes. Exposure to ambient PM
was closely monitored in conjunction with copollutants
ozone, carbon monoxide, and nitrogen dioxide (O3, CO,
and NO2, respectively). Significant associations were ob-
served at different time lags, suggesting that multiple cardi-
ac pathophysiological mechanisms could be involved. CO
was significantly associated with declines in heart rate (HR)
and heart rate variability (HRV). PM was significantly as-
sociated with declines in HRV and body weight (BW), and
NO2 was significantly associated with declines in HR. Some
significant associations occurred in the same day (PM and
HRV, PM and BW, CO and HR), while others were delayed
by 1 to 3 days (CO and HR, CO and HRV, NO2 and HR, PM
and HRV). Alterations in cardiac effects seen were also
dependent on the advanced age of the mice. Both the im-
mediate and delayed timing of these outcomes suggests that
air pollutants follow multiple pathophysiological pathways
to generate cardiac disease. This study also illustrates cardi-
ac alterations in mice associated with real-world air pollu-
tion exposures at concentrations that mimic human
exposure.

Source apportionment analyses also support the impor-
tance of traffic-related and combustion-related PM in cardi-
ac effects (Yue et al. 2007). Further studies in mice have
demonstrated that combustion-generated UFP can induce
neuroplasticity of cardiac vagal neurons as a potential mech-
anism contributing to the cardiovascular consequences as-
sociated with PM exposure seen in humans (Pham et al.
2009).

Target: vascular

Using CAPs, studies have demonstrated that ambient PM
(UFP versus PM2.5) promotes atherosclerosis, interferes
with plasma high-density lipoprotein (HDL) anti-
inflammatory activity, and induces systemic oxidative stress
in apoE-null mice. UFPs compared with PM2.5 were found
to be more proatherogenic, to exert the strongest pro-
oxidative effects, and to be associated with the largest de-
crease in HDL protective activity (Araujo et al. 2008).
Studies using subacute, repeated exposure to CAPs demon-
strate both a systemic proinflammatory and procoagulant
response to inhaled fine and ultrafine PM, suggesting a role

for platelet activation in the cardiovascular and respiratory
effects of PM air pollution (Wilson et al. 2010).

PM exposure may also affect vascular function via sys-
temic inflammation. Patients with coronary artery disease
showed increases in CRP and serum amyloid A (SAA) in
association with exposure to both UFPs and larger PM
(Rückerl et al. 2006). In another study of patients with
coronary artery disease, biomarkers of systemic inflamma-
tion including IL-6 were positively associated with BC,
primary organic carbon (OC), and quasi-UFP <0.25 μm in
diameter. This result was consistent with associations for
particle number (PN) concentrations (Delfino et al. 2009,
2010a). Rückerl et al. (2006) also found evidence for endo-
thelial activation, with increases in von Willebrand factor
(vWF) and ICAM-1. Blood markers also provided evidence
for an effect of PM on a hypercoagulable state (Rückerl et
al. 2006) and platelet activation (Delfino et al. 2009;
Rückerl et al. 2007).

Patients with COPD showed increases in E-selectin but
decreases in vWF, with no changes in CRP or SAA
(Hildebrandt et al. 2009). Fibrinogen increased, but there
were no effects on prothrombin fragment 1+2. Interestingly,
COPD patients showed a decrease in blood polymorphonu-
clear leukocytes and increases in monocytes associated with
UFP exposure (Brüske-Hohlfeld et al. 2010).

Human clinical studies suggest that inhalation of BC
UFP has transient effects on vascular function in both the
pulmonary (Pietropaoli et al. 2004; Frampton et al. 2006)
and systemic (Shah et al. 2008) vascular beds. In people
with type 2 diabetes, UFP inhalation increased markers of
platelet and endothelial activation (Stewart et al. 2010),
without altering coagulation factors.

Observed increases in blood pressure (BP) have been
controversial. Mordukhovich et al. (2009) observed positive
associations between BP and BC, but not between BP and
PM2.5, and found no evidence of effect modification of the
association between BC and BP by gene variants related to
antioxidant defense. Delfino et al. (2010b) found positive
associations between hourly BP measured with ambulatory
monitors and hourly to multiday averages of BC, OC (es-
pecially the combustion-related fraction), and PM2.5.
Studies at the Harvard center, which included controlled
human exposures at the University of Toronto, showed that
CAPs plus ozone increased diastolic BP (Fakhri et al. 2009).
Analyses of additional data from Toronto showed that dia-
stolic BP significantly increased (2.9 and 3.6 mmHg) only
during particle-containing exposures in association with PM
concentration and reductions in HVR (Brook et al. 2009).
Flow-mediated dilatation significantly decreased (2.0 and
2.9 %) only 24 h after particle-containing exposures in
association with PM concentration and increases in blood
TNF-α. PM, not ozone, was responsible for increasing
diastolic BP during air pollution inhalation, most plausibly
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by instigating acute autonomic imbalance. Only particles
from urban Toronto additionally impaired endothelial func-
tion, likely via slower proinflammatory pathways.

Bartoli et al. (2009) studied acute hemodynamic mecha-
nisms related to 5-h exposures to CAPs or filtered air in
canines (n013). Animals were exposed either to CAPs
(mass concentration, 356.0±91.2 μg/m3 [mean±SD]) or
filtered air in a crossover protocol (53 CAPs days, 63
filtered air days). In a subset of animals, baroreceptor reflex
sensitivity was measured before and after exposures (n010,
19 CAPs days, 19 filtered air days) or without and with α-
adrenergic blockade (n07, 16 CAPs days, 15 filtered air
days). CAPs exposure increased systolic BP (2.7±
1.0 mmHg, p00.006), diastolic BP (4.1±0.8 mmHg; p<
0.001), mean arterial pressure (3.7±0.8 mmHg; p<0.001),
HR (1.6±0.5 bpm; p<0.001), and HR–BP product (539±
110 bpm mmHg; p<0.001) and decreased pulse pressure
(−1.7±0.7 mmHg, p00.02). These changes were accompa-
nied by a 20±6 ms/mmHg (p00.005) increase in barorecep-
tor reflex sensitivity after CAPs versus filtered air exposure.
The finding that increased baroreceptor reflex sensitivity
occurred during particulate exposure suggests relatively ear-
ly compensation for or correction of BP increases, which
may explain some of the divergent findings in previously
published studies. To test whether CAPs-induced increases
in arterial BP were mediated by acute, peripheral vasocon-
striction, oral prazosin, a selective α1-adrenergic antagonist
with minimal effect on cardiac function, was administered.
During α-adrenergic blockade, CAPs exposure was associ-
ated with smaller, nonsignificant increases in arterial BP as
compared to CAPs-exposed animals without α-adrenergic
blockade. These results suggest that an increase in α-
adrenergically mediated peripheral vascular resistance may
be responsible for air pollution-induced hypertensive
response.

Baltimore PM also mediated pulmonary endothelial cell
(EC) permeability increases and EC barrier disruption. PM
induced significant dose-dependent (10–100 μg/ml) and
time-dependent (0–10 h) EC barrier disruption. Exposure
of human lung EC to PM resulted in significant ROS gen-
eration that was directly involved in PM-mediated EC bar-
rier dysfunction, as shown by the observation that NAC
(5 mM) pretreatment abolished both ROS production and
barrier disruption induced by PM. Furthermore, PM induced
both p38 mitogen-activated protein (MAP) kinase activation
and heat shock protein 27 (Hsp27) phosphorylation, events
that were both attenuated by NAC. Additionally, PM-
induced EC barrier disruption was partially prevented by
the p38 MAP kinase inhibitor SB203580 (10 μM) as well as
by reduced expression of either p38βMAP kinase or Hsp27
(using siRNA methods). These findings support a novel
mechanism for PM-induced lung dysfunction and adverse
cardiopulmonary outcomes (Wang et al. 2010).

Target: autonomic/brain

Although neurocognitive effects of exposure to PM do not
directly relate to mechanism, they represent important out-
comes. Chen and Schwartz (2009) identified neurobehavio-
ral effects associated with long-term exposure to ambient
PM and ozone in adults. In age-adjusted and sex-adjusted
models, PM predicted reduced CNS functions, but the as-
sociation disappeared after adjustment for sociodemo-
graphic factors. In models adjusting for demographics,
socioeconomic status, lifestyle, household and neighbor-
hood characteristics, and cardiovascular risk factors, ozone
predicted high scores in a symbol–digit substitution test
(SDST) and a serial digit learning test (SDLT), but not in a
simple reaction time test. Each 10-ppb increase in annual
ozone was associated with increased SDST and SDLT scores
by 0.16 (95% CI, 0.01, 0.23) and 0.56 (95% CI, 0.07, 1.05),
equivalent to 3.5 and 5.3 years of aging-related decline in
cognitive performance, respectively. This study provides the
first epidemiological data supporting adverse neurobehavio-
ral effects of air pollutants in adults.

Animal studies also implicate combustion-generated
UFPs in inducing changes in the signaling and neuroplas-
ticity of cardiac vagal neurons. These changes contribute to
cardiovascular consequences like those observed in human
PM exposure (Pham et al. 2009).

Target: genetic/epigenetic

In human studies, Schwartz et al. (2005) found that reduced
defenses against oxidative stress due to glutathione S-
transferase M1 (GSTM1) deletion modify the effects of
PM2.5 on HRV in a cross-sectional analysis of the NAS
cohort. This observation has been extended to include a
longitudinal analysis with more subjects and examination
of the GT short tandem repeat polymorphism in the heme
oxygenase-1 (HMOX-1) promoter (Chahine et al. 2007).
There was no association in subjects with GSTM1, whereas
there was a significant association with standard deviation
of normal-to-normal (SDNN) intervals, high frequency
(HF), and low frequency (LF) in subjects with the deletion.
These analyses suggest oxidative stress is an important
pathway for the autonomic effects of particles.

Baccarelli et al. (2009) assessed the effect of PM pollu-
tion on epigenetic mechanisms in cardiovascular disease by
determining DNA methylation in heavily methylated
sequences with high representation throughout the human
genome. DNA methylation of long interspersed nucleotide
element (LINE)-1 and Alu repetitive elements was mea-
sured by quantitative polymerase chain reaction–pyrose-
quencing of 1,097 blood samples from 718 elderly
participants in the Boston area NAS. LINE-1 methylation
decreased after recent exposure to higher BC (β0−0.11;
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95 % CI, −0.18 to −0.04; p00.002) and PM2.5 (β0−0.13;
95 % CI, −0.19 to −0.06; p<0.001 for the 7-day moving
average). In two-pollutant models, only BC, a tracer of
traffic particles, was significantly associated with LINE-1
methylation (β0−0.09; 95 % CI, −0.17 to −0.01; p00.03).
No association was found with Alu methylation (p>0.12).
Although decreased repeated-element methylation after ex-
posure to traffic particles was found, it remains to be deter-
mined whether decreased methylation mediates exposure-
related health effects.

Madrigano et al. (2010) examined the association be-
tween air pollution, obesity, genes, and cellular adhesion
molecules in a longitudinal study of 809 participants in
the NAS (1,819 total observations). The study used
mixed-regression models to examine the association of
PM2.5 and BC with serum concentrations of soluble
ICAM-1 and soluble VCAM-1 (sVCAM-1), markers of
endothelial function and inflammation. Genes selected for
analysis were either related to oxidative stress, endothe-
lial function, lipid metabolism, or metal processing. BC
during the 2 days prior to blood draw was significantly
associated with increased sVCAM-1 (4.5 % increase per
1 μg/m3; 95 % CI, 1.1, 8.0). Neither pollutant was
associated with soluble ICAM-1. Larger effects of BC
on sVCAM were seen in subjects with obesity (p00.007)
and who were GSTM1-null (p00.02). Thus, BC is asso-
ciated with markers of endothelial function and inflam-
mation. Genes related to oxidative defense may modify
this association.

Ren et al. (2010a) assessed lipid-related and endothelial-
related genes, ambient PM, and HVR in the Veterans Affairs
NAS (VA NAS). To determine if exposures to ambient
particles act on autonomic function via lipid/endothelial
metabolism pathways, they evaluated whether or not the
effects of PM2.5 on HRV were modified by gene polymor-
phisms related to those pathways. They used HRVand gene
data from the NAS and PM2.5 from a monitor located a
kilometer from the examination site. They then used a
mixed model to investigate the associations between PM2.5

and repeated measurements of HRV by gene polymor-
phisms APOE, LPL, and VEGF, adjusting for potential
confounders chosen a priori. A 10-μg/m3 increase of
PM2.5 in the 2 days before the examination was associated
with 3.8 % [95 % CI, 0.2, 7.4 %], 7.8 % [95 % CI, 0.4,
15.3 %], and 10.6 % [95 % CI, 1.8, 19.4 %] decreases of
SDNN intervals, LF, and HF, respectively. Overall, carriers
of wild-type APOE, LPL, and VEGF genes had stronger
effects of particles on HRV compared to those with hetero-
zygous or homozygous types. Variations of LPL-N291S,
LPL-D9N, and APOE-G113C significantly modified the
effects of PM2.5 on HRV. Associations between PM2.5 and
HRV were modified by gene polymorphisms of APOE,
LPL, and VEGF.

Gong et al. (2007) used human microvascular endothelial
cells (HMEC) to study the combined effects of a model air
pollutant, DEP, and oxidized 1-palmitoyl-2-arachidonyl-sn-
glycero-3-phosphorylcholine (ox-PAPC) on genome-wide
gene expression. DEP and oxidized phospholipids were
found to affect synergistically the expression profile of
several gene modules that correspond to pathways relevant
to vascular inflammatory processes such as atherosclerosis.

Source linkages

This section presents results from center studies that link
PM toxicity to particle physicochemical characteristics,
source types, and atmospheric processes. These findings
potentially can be used to better target regulatory strategies.

Linking PM health impacts to sources

Cheung et al. (2009) characterized diesel vehicles without
diesel particulate filters (DPF) and biodiesel vehicles as hav-
ing the highest PM mass emissions. These vehicles also had
the highest content of carcinogenic PM compounds such as
PAH. These findings also indicated that the use of DPF or
cleaner fuel (gasoline) may be far more effective in reducing
PAH emissions than the use of biodiesel. The semivolatile
organic compound (SVOC) components of PM emitted from
modern diesel engines equipped with after-treatment control
technologies account for over 80 % of the redox activity of
the emitted PM (Biswas et al. 2009). Thus, the SVOC particle
fraction is more oxidative than the refractory particles. Recent
studies have suggested a decline in PM oxidative activity
with increasing atmospheric dilution (Biswas et al. 2009).

Verma et al. (2009a) investigated the impacts of the
October 2007 Southern California wildfires. Both the water-
soluble OC concentrations and the redox PM activity, mea-
sured by the dithiothreitol (DTT) assay, were higher during the
fire events as compared to postfire concentrations.

Transformations from source to receptor

Emissions undergo a variety of physicochemical transforma-
tions during their transport from sources to receptors, result-
ing in the formation of secondary inorganic and organic PM
species. Recent center research indicates that secondary par-
ticles are more toxic than primary ones. Venkatachari et al.
(2005, 2007) have used dichlorofluorescein diacetate
(DCFH-DA) to measure PM ROS activity in Rubidoux, CA
and New York City. Cho et al. (2005) have used DTTassay to
examine the redox activity of PM collected in the LA Basin.
In addition, Zhang et al. (2008) have adapted the DCFH-DA
procedure to assess the amount of endogenous ROS formed
by macrophage cells in the presence of particles.
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Verma et al. (2009b) showed that aged UFP in LA
exhibited greater DTT activity and increased endogenous
ROS as compared to fresh UFP. Figure 2 shows the DTT
(left) and ROS (right) measured for morning (fresh) and
afternoon (aged) particles. Strong correlations are observed
between these redox species and secondary constituents and
some metals.

The Toxicological Evaluation of Realistic Emissions
Source Aerosols (TERESA) study was conducted at three
US coal-fired power plants to investigate the potential toxico-
logical effects of primary and photochemically aged
(secondary) particles using in situ stack emissions. The expo-
sure system successfully simulated chemical reactions that
power plant emissions undergo in a plume during transport
from the stack to receptor areas (Ruiz et al. 2007a, b). The
effects of simulated aged particles are discussed in a series of
TERESA papers (Godleski et al. 2011; Diaz et al. 2011;
Lemos et al. 2011; Wellenius et al. 2011). These studies found
that the most significant responses occurred in the more com-
plex oxidized scenarios (Fig. 3), supporting the hypothesis
that photochemically aged particles are more toxic than pri-
mary particles. These responses included increases in in vivo
chemiluminescence of the heart and the lung, change in
breathing patterns, increases in total cell count and macro-
phage number on bronchoalveolar lavage, and increases in
premature ventricular heart beats in the MI model. Thus, there
is substantial evidence that processes involved in the aging of
particles produces oxidized OC as well as ROS (Docherty et
al. 2005; Chen and Hopke 2009a, b, 2010). In limited toxico-
logical studies, it appears that this additional ROS has mea-
sured impacts on animal models.

Source health effects

PM center-based research has shown that estimates of the
health effects of PM vary substantially across communities
and seasons. Part of this heterogeneity may be explained by
differences in PM sources and composition.

Studies have examined relationships between PM2.5 con-
stituents and health effects. Bell et al. (2007a) analyzed
speciation data from 187 US counties and identified 7 con-
stituents that account for the most PM2.5 mass (BC, OC,
NH4

+, NO3
−, SO4

2−, Si, and Na). Peng et al. (2009) used the
same exposure data to discover associations between same-
day emergency room admissions for cardiovascular disease
and BC and between admissions for respiratory emergencies
and OC. Bell et al. (2009) reported associations between
short-term cardiovascular and respiratory hospitalizations
and county-specific vanadium (V), BC, and nickel (Ni)
levels. Similar Ni and V effects were found in a national
mortality study (Dominici et al. 2007). However, the exclu-
sion of three New York City counties diminished the appar-
ent effect.

CAPs have been used to explore mechanisms of PM
injury. In a canine model of myocardial ischemia, increases
in CAPs mass and number and BC concentrations were
associated with decreases in myocardial blood flow and
increases in coronary vascular resistance during coronary
artery occlusion (Bartoli et al. 2009).

Fig. 2 DTT (left) and ROS (right) measured for morning (fresh) and afternoon (aged) particles

Fig. 3 Percentages of change in heart and lung chemiluminescence (a
measure of ROS in tissues) for four scenarios in three power plants. P
primary particles, PO oxidized PM, POS oxidized PM+organics,
PONS oxidized neutralized PM+organics. *p<0.05, **p<0.01
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Sources and exposure modeling

PM center researchers explored several source contributions
to UFP to establish models. Riddle et al. (2008) measured
molecular markers in size-resolved particle fractions yield-
ing size-resolved source apportionments in locations
throughout California (Minguillón et al. 2008; Kleeman et
al. 2009). Motor vehicle exhaust dominates UFP near road-
sides (Riddle et al. 2008; Fruin et al. 2008) and in traffic-
intensive urban areas such as LA (Minguillón et al. 2008).
Contributions from regional sources dominate UFP at loca-
tions away from roadways in regions with more typical
traffic density (Kleeman et al. 2009). Traffic-generated
UFP were efficiently transported to the indoor environment
in Southern California (Arhami et al. 2010).

PM investigators used satellite sensing to establish parti-
cle spatial and spatiotemporal models. Liu et al. (2009) used
satellite measurements to estimate PM2.5 mass in rural/sub-
urban areas. The spatial profiles of annual PM2.5 in
Massachusetts, Connecticut, and Rhode Island (Fig. 4, left)
were estimated using data from the Moderate-Resolution
Imaging Spectroradiometer (MODIS) satellite. The regional
background was 10 μg/m3, suggesting that a large fraction
of PM is transported to the region. Suburban and urban areas
showed higher levels by approximately 2.0 μg/m3. The
higher urban levels are due mostly to local traffic.
Independent results from a BC spatiotemporal model
(Fig. 4, right) show corresponding spatial gradients in traffic
exposures across Eastern Massachusetts (Gryparis et al.
2007). Both methodologies and models can be critical in
assessing population exposures for studies examining the
health impacts of local and transported particles.

Exposure–dose–response relationships

The individual components of the exposure–dose–response
paradigm are shown in Fig. 5. Ideally, detailed knowledge
about the individual components would be needed to estab-
lish the cause of an observed effect.

For example, investigators have provided evidence on the
relation between exposure to inhaled UFP, dose translocated
to the CNS, and effects in the CNS from the biologically
effective dose. This relationship was determined in a rat
inhalation study designed to demonstrate the translocation
of inhaled laboratory-generated UFP (a mixture of Mn
oxides) from the upper respiratory tract to the CNS. Elder
et al. (2006) characterized the exposure in terms of particle
size and size distribution, mass and number concentration,
and chemical composition. The investigators then observed
the retained doses in different regions of the respiratory tract
and in different parts of the CNS, along with neuroinflam-
matory responses. They confirmed a translocation pathway
from the nose to the CNS via the olfactory nerve. The
translocation resulted in 3.5-fold higher Mn concentrations
in the olfactory bulb compared to twofold higher levels in
the lung after 11 days of exposure at 4 h/day. Some other
brain regions also showed significantly increased Mn.
Significant inflammatory responses were seen in those brain
regions that showed increased Mn levels: an eightfold in-
crease of TNF-α mRNA and a 30-fold increase of TNF-α in
the olfactory bulb, along with lower increases in other brain
regions with smaller increases in Mn levels. No indications
of pulmonary inflammation were observed.

This study shows that exposure–dose–response rela-
tionships are very different for the primary organ of

Fig. 4 PM2.5 levels in the New England (left) and BC levels in greater Boston (right)
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entry (in this case, the respiratory tract) and for second-
ary organs involving translocation/disposition of UFP. A
presumed pathway of PM-induced secondary effects
such as extrapulmonary inflammation has been via me-
diator release following inflammation in the lung.
However, the olfactory bulb experiments illustrate an
alternate direct route.

Obviously, similar detailed dosimetric information
cannot be obtained in epidemiological or controlled
clinical studies. However, in clinical studies, doses can
be estimated through measurement of breathing param-
eters combined with knowledge about physicochemical
properties of airborne PM. These estimates can help
establish a more complete exposure–dose–response rela-
tionship and causality. In epidemiological studies,
researchers can estimate inhaled or deposited doses by
combining measures of PM concentrations from ambient
area or personal monitors with predictive particle depo-
sition models in the lung. The biologically effective
dose (the dose responsible for toxic effects) will vary
depending on particle composition and size fraction and
may differ substantially from the overall mass of PM
(Ayres et al. 2008). Thus, controlled clinical studies can
complement toxicological animal and in vitro studies to
provide valuable information that can confirm hypothe-
ses and support epidemiological findings.

The method and source of data used to determine expo-
sure–dose–response relationships vary depending on the
following considerations:

& whether the interest is in acute health outcomes and
short-term exposures or in chronic health outcomes
and long-term exposures;

& whether the outcome is an intermediate endpoint, clini-
cal morbidity, or mortality;

& whether the target organ system is the primary organ of
entry (typically the respiratory tract) or secondary
organs;

& whether epidemiological cohort or clinical studies are
performed.

The following discussion focuses primarily on epide-
miologic and some controlled exposure studies that have
been used to assess relations across all of these dimen-
sions. This section highlights major research findings
for selected PM properties and selected health out-
comes. Population characteristics and behavior that are

important determinants of the dose and of the type and
magnitude of air pollution exposure have been reviewed
elsewhere (Sioutas et al. 2005).

Exposure–dose–response in human experimental and panel
studies

Oxidative stress may play a central role in the respiratory
and cardiovascular effects of air pollution. As illustrated in
Fig. 1, experimental data show that redox-active PM com-
ponents (especially in UFP) lead to the production of ROS
in various cells in the lungs, blood, and vascular tissues.
ROS production is followed by oxidative stress, which can
lead to increased airway and systemic inflammation and
adverse cardiovascular responses when antioxidant defenses
are overwhelmed (Ayres et al. 2008; Utell et al. 2002).
Furthermore, PM center investigators have shown that elec-
trophilic properties of PM-related chemicals have the poten-
tial to covalently modify critical proteins (Shinyashiki et al.
2008, 2009), including antioxidant enzymes, which could
result in increased oxidative stress and other effects.
Epidemiologic data supporting this evidence are limited.
Data include the result of cohort studies of antioxidant
enzyme activity (Delfino et al. 2008, 2009, 2010a) and
studies examining effect modification of responses to air
pollutant exposures by variants in oxidative stress-
related genes, as discussed in the “Susceptibility” and
“Biological mechanisms of PM response” sections.

Epidemiologic data from cohort studies also support a
proinflammatory effect of air pollution, especially
combustion-related particles. A panel study in Erfurt,
Germany of 57 male patients with coronary heart disease
found increased levels of CRP for all particle size fractions
including UFP (Rückerl et al. 2006). Zeka et al. (2006)
found that both BC and PN increased inflammation and
thrombotic activity. The PN finding suggests that UFPs are
a potentially important particle size. Effects were strongest
for subjects older than 78 years, individuals with chronic
proinflammatory states (as shown for obese individuals),
and individuals with reduced defenses to ROS (as shown
for people with the GSTM1-null genetic polymorphism or
in nonstatin users).

Additional information pointing to the importance of
UFPs comes from a cohort of 60 subjects with a history
of coronary artery disease living in four retirement com-
munities in the LA air basin (Delfino et al. 2008, 2009).
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Fig. 5 Components of the exposure–dose–response paradigm
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Using 12 weekly repeated measures of circulating bio-
markers of effect and outdoor community air pollutants,
investigators found that the strongest positive associa-
tions of biomarkers of systemic inflammation (for exam-
ple, IL-6) with size-fractionated particle mass was for the
quasi-UFP fraction <0.25 μm in diameter (PM0.25),
which was consistent with positive associations for PN.
Additional supportive data from these cohort study sub-
jects with ambulatory ECGs showed that the only posi-
tive association with ST segment depression of the
ischemic type (≥1.0 mm) with PM mass fraction was
for PM0.25 (Delfino et al. 2011).

In the same cohort study, Delfino et al. (2008, 2009)
assessed potential differences in association from primary
versus secondary organic aerosols by estimating two frac-
tions of total PM2.5 OC (primary OC and secondary OC,
respectively) (Polidori et al. 2007). They showed that asso-
ciations of biomarkers (plasma IL-6, TNF-α receptor II,
soluble platelet selectin, erythrocyte glutathione
peroxidase-1, and Cu,Zn-superoxide dismutase) with total
OC were attributable to the primary OC fraction, not the
secondary fraction. Positive associations were also more
strongly positive for primary than for secondary OC in an
analysis of the relation of PM2.5 OC to hourly ambulatory
BP measured over 10 days in the same cohort (Delfino et al.
2010b). Similar to other PM center panel studies
(Hildebrandt et al. 2009; Mordukhovich et al. 2009;
Wilker et al. 2009b, 2010), all biomarker and BP associa-
tions were strongest for multiday moving averages of air
pollutants, suggesting that cumulative exposure is an impor-
tant determinant of cardiovascular response. Reinforcing
this view, the LA cohort study showed that the strongest
positive associations with ST segment depression of the
ischemic type (≥1.0 mm) were for primary OC, including
1-h through 4-day averages, which had the largest estimates
(Delfino et al. 2011). These results demonstrate both very
acute and longer-term exposure–response relations, poten-
tially involving different mechanisms.

Delfino et al. (2010a) further characterized biomarker
associations by assaying chemical components from
extracts of PM0.25 filters. Indoor and outdoor PAH, followed
by hopanes (tracers of emissions from diesel and gasoline
vehicles), were most strongly positively associated with
biomarkers of inflammation. They were also able to link
PAH exposures to vehicular traffic by using chemical tracers
in source apportionment models (Arhami et al. 2010;
Delfino et al. 2010a). The PAH content of PM, along with
other SVOCs, is expected to be important in oxidative stress
responses, as discussed in the “Biological mechanisms of
PM response” section.

There is limited data in human populations on the differ-
ential effects of primary and secondary organic aerosols.

Recent results from the LA cohort study support the hy-
pothesis that the effects of particles on airway inflammation
and on systemic inflammation differ by particle composition
(Delfino et al. 2010c). Organic components related to the
primary combustion of fossil fuel were more strongly and
significantly associated with systemic inflammation
(evidenced by the presence of IL-6), whereas organic com-
ponents related to secondary photochemical aging of par-
ticles were more strongly and significantly associated with
airway inflammation (exhaled nitric oxide [eNO]). These
results serve as an additional example of the differences in
the biologically effective dose of particle components by
target organ (see Fig. 5). An in vitro measure of the overall
oxidative potential of particles in collected air samples was
associated with both types of inflammation, supporting the
importance of ROS at multiple target sites in the body (see
Fig. 1).

Overall results from the PM center cohort studies suggest
that UFP and primary emission sources of PM organic
chemicals, especially from traffic, lead to increased systemic
inflammation and thrombosis (Delfino et al. 2008, 2009,
2010a; Hildebrandt et al. 2009; Zeka et al. 2006), oxidative
stress, homocysteine levels (Park et al. 2008), elevations in
BP (Delfino et al. 2010b; Mordukhovich et al. 2009; Wilker
et al. 2009b, 2010), ECG ST segment depression (Chuang et
al. 2008; Delfino et al. 2011), supraventricular and ventric-
ular runs of tachycardia (Berger et al. 2006), and impaired
peak forearm blood during reactive hyperemia and lower
venous nitrate levels (Shah et al. 2008). These intermediate
endpoints are themselves risk factors for MI, heart failure,
and stroke. Therefore, such effects may be partly behind
reported cardiovascular morbidity and mortality associa-
tions in the time series studies discussed below.

In order to obtain information about dose-related cardio-
vascular effects of UFPs, researchers undertook a series of
controlled exposures in healthy subjects with laboratory-
generated BC UFPs. Experiments included exposures for
2 h to three concentrations of 10, 25, and 50 μg/m3, with
intermittent exercise. Exposure concentration was found to
be related to reductions in blood monocytes, basophils, and
eosinophils. Expression of adhesion molecules CD54 and
CD18 were reduced, whereas lymphocyte expression of
activation marker CD25 was increased (Frampton et al.
2006). Other findings of this study at the highest concentra-
tion were impaired peak forearm flow during reactive hy-
peremia and significantly lower venous nitrate levels,
whereas there was no difference in venous nitrite levels
(Shah et al. 2008). At the lower concentrations of 10 and
25 μg/m3, no marked changes in ECG-derived parameters
were observed. However, some trends were observed, indi-
cating that some subjects were susceptible (Zareba et al.
2009).
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Exposure–dose–response in epidemiological studies
of morbidity and mortality

Breitner et al. (2009) and Peters et al. (2009) showed an
association between UFP concentrations and daily mortality.
They also found that, as air pollution mixtures change (that
is, during a period when coal-fired power plants were sub-
stituted for gas-fired power plants), the relative strength of
the exposure–response function can vary. Exposure to
traffic-related PM has been associated with significant ad-
verse cardiovascular health effects (Peters 2009). The effi-
ciency of filters to prevent or reduce such exposure was
investigated in controlled experiments involving laboratory-
generated UFP as well as ambient traffic-related UFP under
two exposure scenarios: one while driving in a car using the
in-car recirculation setting and another simulating a work-
place where UFP are generated. Results showed that the use
of inexpensive, low-efficiency filters reduces UFP concen-
trations to below levels found in a typical office within
3 min in heavy traffic driving and within 20 min in a UFP
production facility. The decrease in deposited dose as a
consequence of the reduced exposure will significantly re-
duce the health risk (Pui et al. 2008).

Peng et al. (2008), in a national multisite time series
study of fine and coarse PM, found strong evidence of
increased risks of cardiovascular emergency room admis-
sions associated with exposure to coarse PM. However, this
effect estimate was no longer statistically significant when
adjusted for PM2.5. Zanobetti and Schwartz (2009), in an-
other multisite time series study, also found strong evidence
of increased risks of overall mortality, cardiovascular, and
respiratory-specific mortality associated with ambient expo-
sure to coarse PM. In a study of 26 US communities,
Zanobetti et al. (2009a) found that effect estimates for
PM2.5 total mass and cardiovascular hospital admissions
were higher when the PM2.5 content of bromine (Br), chro-
mium (Cr), nickel (Ni), or sodium (Na+) was higher.
Correspondingly, Franklin et al. (2008) found that alumi-
num (Al), silicon (Si), sulfur (S), Ni, and arsenic (As)
significantly modified the association between daily PM2.5

mass and mortality in 25 US communities. Zanobetti and
Schwartz (2006) analyzed hospital admissions data from
Boston. This study found associations between MI emer-
gency hospital admissions and BC and between emergency
pneumonia admissions and BC, NO2, and CO. The pattern
of associations seen for MI and pneumonia underlines the
importance of traffic emissions. Maynard et al. (2007) used
geographic information system analysis to assess address-
specific exposures to traffic PM for each decedent in
Boston. Traffic exposure was associated with all-cause mor-
tality as well as stroke-related and diabetes-related deaths.
Sulfate, an indicator of long-range transported particles, was

also associated with all-cause mortality risk, but its effect
was smaller than that of traffic PM. In a similar study, Bell et
al. (2009) found a different set of effect modifiers (BC, V, or
Ni). In a multisite time series study of 119 US communities
and for the period 2000 to 2005, Peng et al. (2009) found
that ambient levels of BC and OC matter, which are gener-
ated primarily from vehicle emissions, diesel, and wood
burning, were associated with the largest risks of emergency
hospitalization across the major chemical constituents of
fine particles.

Redox-active chemical components from these sources
are enriched on UFP, as discussed in the section on expo-
sure. Cumulative exposure to UFP over a 10.5-year period
after the German unification was associated with increased
mortality in Erfurt, Germany (Breitner et al. 2009). Relative
risks for short-term exposures decreased in parallel with the
implementation of air pollution control measures, providing
further evidence of causality with level of exposure.
Cardiorespiratory mortality was associated with elevated
UFP (0.01–0.1 μm) number concentrations with a 4-day
lag in Erfurt (Stölzel et al. 2007). No association was found
between fine PM mass concentration and mortality.

Eftim et al. (2008) estimated the mortality risks associated
with long-term exposure to PM2.5 in the same geographical
locations as the Harvard Six Cities Study and the ACS Study
(Dockery et al. 1993; Pope et al. 1995; Laden et al. 2006).
They found a similar exposure–response function. In the
National Medicare Cohort Study, Zeger et al. (2008) found
strong evidence of an association between 6-year average
PM2.5 and mortality risk in the east and central part of the
USA, but no evidence of an association in the west. Pope et al.
(2009) examined changes in life expectancies associated with
reductions in PM2.5 concentrations in 211 county units in the
51 US metropolitan areas with matching data on fine partic-
ulate air pollution for two periods, the late 1970s–early 1980s
and the late 1990s–early 2000s. They found that reductions in
air pollution accounted for as much as 15 % of the overall
increase in life expectancy in the study areas.

Susceptibility

To fully protect public health, we need to characterize varia-
tion in risk associated with PM exposure across the popula-
tion along with the determinants of that variation. For this
article, we propose the separate concepts of vulnerability and
susceptibility. Vulnerability refers to factors that increase
potential for exposure; susceptibility refers to individual fac-
tors that increase risk at any given level of exposure (Fig. 6).

Increased susceptibility implies a greater response at any
given level of exposure. Factors associated with increased
susceptibility include certain chronic diseases and selected
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genotypes. The concept of environmental justice is linked to
vulnerability, as disadvantaged groups are more likely to
have higher exposures.

Research on factors related to susceptibility and vulner-
ability can help reduce the burden of PM-related adverse
health effects. By identifying factors that determine sus-
ceptibility, policy makers can make informed decisions to
protect susceptible populations as required by the Clean
Air Act. In addition, studies of susceptible populations can
potentially reveal mechanisms of injury. Given a vulnera-
ble population’s high exposure to a variety of pollutants,
policy makers must weigh the relative protection afforded
by any pollutant-specific strategy.

Genes, diet, and PM susceptibility

Individuals vary greatly in their responses to air pollution
exposure. Emerging research is providing insights into the
potential role of genes and dietary factors as modifiers of the
response to PM. For example, as described by Yang et al.
(2008), polymorphisms in oxidative stress genes (NADPH
quinone oxidoreductase-1 [NQO-1], GSTM1, and GSTP1)
modify responses to PM exposure for various outcomes
including respiratory symptoms, lung function, and risk of
asthma.

Research has also addressed genetic determinants of var-
ious cardiovascular indicators. In the NAS, polymorphisms
(C282Y and H63D) in the hemochromatosis (HFE) gene,
which modulates uptake of iron and transition metals, were
associated with reduced risk for PM-induced alterations in
HRV when compared to the wild-type genotype (Park et al.
2006). In the same population, there were significant gene–
environment interactions for changes in HRV associated
with PM2.5 exposure for two oxidative stress genes:
GSTM1 and HMOX-1 (Chahine et al. 2007). In a study of
ECGs of survivors of MI, prolongation of the corrected QT
interval (QTc) associated with PM exposure was modified
by NFE2L2, a transcription factor for the glutathione trans-
ferase genes (Hampel et al. 2010). EPA-supported investi-
gators found that oxidative stress genetic polymorphisms
modified PM effects in the elderly (Chuang et al. 2008).

Promoter SNPs within fibrinogen genes FGA and
FGB were associated with modification of the relation-
ship between 5-day averages of PM <10 μm in diameter
(PM10) and plasma fibrinogen levels in MI survivors in

five European cities (Peters et al. 2009). PM exposures
also accelerate the development of atherosclerotic plaque
formation in genetically modified apolipoprotein E
(ApoE−/−) knockout mice (Araujo et al. 2008; Araujo
and Nel 2009). In vitro studies with DEP suggest that
induction of genes such as HO-1, SELS, NQO-1, and
superoxide dismutase 1 (SOD1) by PM exposure could
coregulate a large number of genes that are involved in
atherosclerosis and vascular injury (Gong et al. 2007).

Diet and genes influencing metabolism may modify the
cardiovascular response to air pollution; there is evidence
for the potentially protective effects for n-3 fatty acids
(Romieu et al. 2005), antioxidants (Sienra-Monge et al.
2004), and dietary methyl nutrients (Baccarelli et al.
2008). In a trial in Mexico, Romieu et al. (2005) have
demonstrated the protective effects of antioxidants against
lung function reduction and nasal inflammation in children.

Ren et al. (2010b) examined the relationship between PM
air pollution and total plasma homocysteine in the VA NAS
cohort. Exposure to PM2.5 and BC was associated with
significant increases in total plasma homocysteine, and there
was an indication that this association is modified by the
genes GSTT1 and HFE.

Susceptibility during critical stages of the life cycle

The prenatal period and the first year of life are critical
developmental periods when air pollution has been posited
to influence fetal stress, fetal loss, fetal development, birth
outcomes, and subsequent development of chronic cardio-
vascular, pulmonary, and cognitive dysfunction. Subsequent
childhood pollutant exposures may sustain or add to the
adverse effects of prenatal and infant exposures. As well
as influencing development, pollution may hasten the car-
diac, pulmonary, or cognitive decline that comes with aging,
and the elderly may be more susceptible to the acute adverse
effects of pollution.

Fetal life and early childhood: birth outcomes

Preeclampsia (a source of fetal stress) and preterm delivery
were associated with local traffic-generated air pollution in
the South Coast Air Basin in California (Wu et al. 2009).
Low birth weight and low weight for gestational age were
independently associated with increased traffic exposures and

Fig. 6 Framework for
vulnerability and susceptibility
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community disadvantage in a study of births in Eastern
Massachusetts (1996–2002) (Zeka et al. 2008). Two New
England studies demonstrated trimester-specific associations
of low birth weight with elevated traffic pollution, NO2, CO,
PM10, and PM2.5 (Gryparis et al. 2009; Bell et al. 2007b).

Animal model for early life susceptibility to airway
development disruption

Children are uniquely susceptible to air pollution insults;
they inhale a greater volume per body mass than adults, they
spend more time outdoors, and their lungs are still growing
and developing. UC Davis investigators exposed juvenile
rats to combustion-generated particles in the laboratory (Lee
et al. 2008). Early life exposure to ultrafine, high OC/BC
particles results in persistent alterations in distal airway
architecture that was characterized by an initial decrease in
airway cell proliferation (Lee et al. 2010).

Susceptibility in children: neurocognitive outcomes

In a study of children from East Boston, investigators ob-
served associations between BC and decreases in the vocab-
ulary, matrices, and composite intelligence quotient scores
of the Kaufman Brief Intelligence Test. Associations also
were made between BC and decreases on the visual subscale
and general index of the Wide Range Assessment of
Memory and Learning (Suglia et al. 2008). An animal
model to assess the effects of CAPs and social stress based
upon the social dominance paradigm in rats demonstrated
that social stress enhanced adverse respiratory and systemic
inflammatory outcomes (Clougherty et al. 2010).

Susceptibility in the elderly: subclinical cardiac outcomes

EPA center investigators have shown that the elderly are
susceptible to a range of subclinical cardiac outcomes with
potential clinical significance; for example, reduced HRV
(Luttmann-Gibson et al. 2006; Park et al. 2005). Diet, genes,
or medications may modify responses to pollution in the
elderly (Park et al. 2005; Ren et al. 2010a, b). Subclinical
autonomic, inflammatory, or oxidative stress pollution
responses are less consistently detectible in young adults.
For example, transient chamber exposure to carbon UFP in
concentrations of 10–25 μg/m3 did not cause marked
changes in ECG-derived parameters in young healthy sub-
jects (Zareba et al. 2009).

Susceptibility in the elderly: blood pressure

Air pollution adversely affects BP even in young healthy
individuals (Brook et al. 2009; Urch et al. 2005), but indi-
viduals who are elderly or who have preexisting

cardiovascular disease or diabetes are at greater risk. In the
elderly in the NAS cohort, short-term elevation of estimated
resident-specific outdoor BC was associated with postural
BP changes (Wilker et al. 2009a); long-term elevation of BC
was associated with higher BP. In Medicare enrollees, stud-
ies have consistently found increased risks of cardiovascular
morbidity and mortality with increases in air pollution
(Zeger et al. 2008; Peng et al. 2008).

Susceptibility in the elderly: neurocognitive outcomes

New animal model and human evidence point to a link
between air pollution neuroinflammatory and pro-oxidative
changes and neurodegenerative disease in the elderly.
Studies in OVA-sensitized mice exposed to traffic-related
fine particles and UFP showed elevations in proinflamma-
tory cytokines in brain tissue (Campbell et al. 2005). Studies
in APOE-deficient mice (rapidly aging and genetically
prone to atherosclerosis) exposed to concentrated traffic
ultrafine aerosols showed dose-dependent increases in brain
tissue proinflammatory cytokines, as well as changes in the
activity of cytokine production-related transcription factors
(Campbell et al. 2009; Kleinman et al. 2008). In the NAS,
increased vehicular traffic (Power et al. 2011) and increased
lead (Pb) levels (Weisskopf et al. 2007) have been associat-
ed with increased cognitive decline. In adult subjects, inves-
tigators found consistent associations between ozone and
reduced performance in the Neurobehavioral Evaluation
System 2 (Chen and Schwartz 2009).

Preexisting disease as a source of susceptibility to acute
and chronic effects of pollution

EPA center studies have contributed to the strong evidence
that cardiovascular disease, type 2 diabetes, obesity, chronic
obstructive lung disease, and asthma increases the risk of
adverse effects of short-term pollution exposures on acute
cardiac and pulmonary subclinical and clinical outcomes.
Effects of long-term pollution exposure on the development
of atherosclerosis and chronic obstructive lung disease are
also being studied by EPA-supported animal model and
human epidemiologic studies of susceptible adults (for ex-
ample, the Multi-Ethnic Study of Atherosclerosis and Air
Pollution (MESA Air)).

Animal model and in vitro supportive evidence
for susceptibility

Autonomic dysfunction has been linked to increased risk of
cardiac arrhythmias in humans. Aged spontaneously hyper-
tensive rats, exposed in a mobile laboratory to freshly gen-
erated traffic-related aerosols that were dominated by UFPs,
showed decreased HR following exposure that was partly
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explained by increased parasympathetic tone (Elder et al.
2007). Autonomic tone has also been influenced by pollu-
tion in healthy rodents (Pham et al. 2009), but the direction
of the effect varies by study. APOE-deficient mice are prone
to oxidative stress, inflammation (a known consequence of
pollution exposure in in vitro models; Imrich et al. 2007;
Xia et al. 2007; Zhao et al. 2009), and the development of
atherosclerosis. In the APOE-deficient mouse model, expo-
sure to UFP-dominated traffic aerosols resulted in larger
atherosclerotic lesions than exposure to either PM2.5 or
filtered air (Araujo et al. 2008).

Susceptibility in humans with preexisting cardiac disease

Subclinical outcomes include autonomic control, conduc-
tion, repolarization, and arrhythmias. Supporting the clinical
observation that increases in ambient particles and traffic
exposures may trigger MI within 1 or 2 h (Peters et al.
2004), in a German prospective repeated-measures study
of men with coronary artery disease, changes in autonomic
nervous system control and repolarization were observed
within hours after exposures to particulate pollution
(Henneberger et al. 2005). In this same study, increases in
atrial and ventricular arrhythmias were seen with 1 to 5 days
of cumulative pollution exposure (Berger et al. 2006).
Prospective studies in Boston demonstrated changes in au-
tonomic control, including reductions in HRV (Zanobetti et
al. 2010), ST segment depression (Zanobetti et al. 2009b),
and increases in beat-to-beat variation in the amplitude or
shape of the Twave (T wave alternans) (Chuang et al. 2008)
with increases in traffic and particle pollution.

Subclinical outcomes include inflammatory, oxidative
stress, and hematologic responses. Increased levels of circu-
lating biomarkers of inflammation, antioxidant activity, and
platelet activation were associated with primary combustion
aerosols in people with coronary artery disease in California
(Delfino et al. 2008, 2009, 2010a). In a Rochester panel of
postinfarction patients who participated in a cardiac rehabil-
itation exercise program, decreased HRV and increases in
HR turbulence, late repolarization duration, systolic BP,
CRP, and fibrinogen were associated with increases in
UFP, accumulation mode particle (AMP), and PM2.5 con-
centrations in the previous few hours and days. Associations
were more common and parameter estimates generally larg-
er for lagged AMP and UFP concentrations than for PM2.5

concentrations (Rich et al. 2012).

Blood pressure

In cardiac rehabilitation patients in Boston, an increase in
diastolic and mean arterial BP was associated with higher
PM2.5 concentrations averaged over the previous 5 days
(Zanobetti et al. 2004). Investigators also found traffic

pollution-related changes in ambulatory BP in elderly sub-
jects with coronary artery disease, and these associations
were stronger in obese subjects (Delfino et al. 2010b).

Susceptibility in humans with preexisting diabetes
or metabolic syndrome

Subclinical outcomes include autonomic control, conduc-
tion, repolarization, and arrhythmias. Obesity increased the
risk of changes in autonomic control (HRV) with short-term
increases in PM2.5 in the NAS (Schwartz et al. 2005). A
North Carolina study of 22 adults with type 2 diabetes
showed changes in autonomic control of HR and repolari-
zation, as well as in markers of systemic inflammation and
coagulation with short-term increases in ambient PM2.5

(Schneider et al. 2010). Within this diabetic population,
responses were modified by elevated BMI, elevated glyco-
sylated hemoglobin, and lower adiponectin and GSTM1
variants.

Other subclinical outcomes include inflammatory, oxida-
tive stress, hematologic, and endothelial responses. A
repeated-measures study of elders from St. Louis found stron-
ger associations between PM2.5 and inflammatory markers
such as CRP and IL-6 in the subgroup of individuals with
diabetes, obesity, or hypertension (Dubowsky et al. 2006). In
the NAS, metabolic syndrome increased the PM10 effect on
inflammatory markers (Chen and Schwartz 2008). There were
increased effects of both PM2.5 and BC on sVCAM for obese
compared to nonobese subjects (Madrigano et al. 2010).
Short-term increases in PM2.5, BC, and sulfate (SO4

2−) were
associated with increased ICAM-1 and VCAM-1 in a Boston
study of people with type 2 diabetes (O’Neill et al. 2007).
PM2.5, PN, BC, and SO4

2− were each associated with reduced
flow-mediated and nitroglycerine-mediated brachial artery
dilation among diabetic, but not among nondiabetic, subjects
from Boston (O’Neill et al. 2005). Elevation in fine particle
exposure was associated with endothelial dysfunction (re-
duced flow-mediated dilation) in a cohort study of diabetic
subjects in North Carolina (Schneider et al. 2008). In people
with type 2 diabetes, a controlled clinical inhalation study of a
2-h exposure to 50 μg/m3 BC UFP found transient activation
of blood platelets, with possible associated activation of blood
leukocytes and vascular endothelium (Stewart et al. 2010).

Clinical outcomes

In a 2002 study of four US cities, diabetic people had double
the risk of a PM10-associated cardiovascular admission
compared with those without diabetes (Zanobetti and
Schwartz 2002). There was a 2.0-fold higher mortality risk
associated with PM10 exposure for diabetics compared to
controls in a 2004 case-crossover study (Bateson and
Schwartz 2004). PM10 effects on mortality were stronger
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in diabetics than in nondiabetics in nine Italian cities
(Forastiere et al. 2008).

Susceptibility in humans with preexisting asthma
and chronic obstructive lung disease

Subclinical outcomes include inflammatory, oxidative
stress, and hematologic responses. EPA center investigators
have continued their studies of obstructive lung diseases
using a number of approaches. A panel study of COPD
patients in Erfurt, Germany found an increase in fibrinogen
and E-selectin and decrease in vWF with increased pollutant
levels. Results for persons with asthma did not differ signif-
icantly from non-asthmatics (Hildebrandt et al. 2009). In the
same panel, the increase of particulate and gaseous air
pollution was associated with multiple changes in the dif-
ferential white blood cell count in COPD as well (Brüske-
Hohlfeld et al. 2010). In a Steubenville panel study, inves-
tigators found that elderly participants with COPD were
susceptible to pollution effects on pulmonary inflammation,
measured as eNO (Adamkiewicz et al. 2004).

Clinical outcomes

PM center investigators have produced strong and consis-
tent evidence (Bateson and Schwartz 2008), as have many
other groups worldwide (Holguin 2008; Riedl 2008), that
multiple ambient pollutants worsen wheeze and lung func-
tion in children and adults with established asthma. Human
inhalation and epidemiologic studies (Saxon and Diaz-
Sanchez 2000) supported by animal studies (Miller et al.
2009) provide some evidence that air pollution may cause
allergy or asthma development. However, findings are still
sparse and inconsistent in birth cohort and other epidemio-
logic studies (Braback and Forsberg 2009; Brauer et al.
2007; Islam et al. 2007; Jerrett et al. 2008; Oftedal et al.
2007; Shankardass et al. 2009). It is not certain whether air
pollution is contributing to the resurgence or persistence of
airflow obstruction or whether it is a causative factor in
asthma development, particularly in longitudinal studies of
pollution and asthma development that begin at school age.

Finally, in a PM center study, persons discharged with
COPD had pollution-associated mortality risks that were
greater than average risks associated with time series anal-
yses (Zanobetti and Schwartz 2009). Investigators found a
significant effect of long-term exposure to airborne particles
on the risk of death in a large multicity study of elderly
subjects discharged alive following an admission for COPD,
with a relatively large effect size compared to general pop-
ulation cohorts previously reported. They also found that the
effect was not limited to the exposure in each year of follow-
up, with larger cumulative effects spread over the follow-up
year and three preceding years.

Conclusions

1. The centers developed continued support for the piv-
otal role of ROS in mechanistic responses and ad-
vanced understanding of the hierarchical relationship
between adaptive, proinflammatory, and toxic cellular
responses in the pulmonary, immune, and cardiovas-
cular systems.

2. Translocations of UFPs to distant sites were important
center observations, especially translocation from the
upper airway to the brain, a translocation that has
potential for long-term adverse effects.

3. Respiratory inflammation resulting from exposures to
fine particles and UFP enhanced asthmatic responses
in both normal and susceptible animal models in many
center studies. In humans, genotype polymorphisms
associated with asthma and COPD were related to
circulating markers of inflammation, thus further
establishing important links between inflammatory
responses and these diseases.

4. Center researchers investigated the effects of particle
lung deposition on the autonomic nervous system’s
control of the heart. They also established the impor-
tance of traffic-related particles on the development of
acute MI, survival after an MI, and influence on the
size of an infarct in both human and animal studies.

5. Center studies in experimental animals, humans, and
cells in vitro showed adverse effects of fine particles
and UFP on the endothelium and vasculature. Such
effects included atherosclerotic changes in sensitive
animal models and biomarkers associated with vascu-
lar disease in people. Because cardiovascular diseases
remain important causes of morbidity and mortality,
these findings have broad implications for human
health.

6. Changes in BP associated with PM exposures have been
inconsistent. Center research groups have established
that BP is adversely affected by PM exposures and that
homeostatic control measures may play an important
role in the identification of this adverse response.

7. Center investigators identified the brain and the auto-
nomic nervous system as new targets for adverse
effects of PM. Epigenetic mechanisms were recog-
nized as potential explanations for many PM-
associated health effects.

8. Center research suggests that PM risk estimates vary
across communities and seasons. This heterogeneity is
explained in part by the spatial and temporal distribu-
tion of sources emissions. Furthermore, BC, OC, and
certain metals (V, Ni) may be important source-related
components associated with increased PM toxicity.

9. Differences in toxicity of several important PM sour-
ces (diesel and gasoline engines, power plants, and
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forest fires) have been observed. Center studies have
highlighted the importance of atmospheric processes to
PM toxicity, noting that SVOCs are important contrib-
utors to toxicity and that secondary aerosol formation
may enhance PM toxicity.

10. Vehicular traffic is the major contributor to UFP expo-
sures near roadways, and living near a roadway
increases the risk for cardiopulmonary disease.

11. Research has demonstrated the value of using particle
spatial profiles based on satellite sensing and spatio-
temporal models in health effects studies.

12. Exposure–dose–response paradigms depend on dose
concentration, particle composition, size fraction,
acute or chronic outcome, target organ, and suscepti-
bility factors such as age.

13. Vulnerability (potential for exposure) and susceptibil-
ity (factors that increase risk at a given exposure level)
are concepts that are critical to environmental policy.
Vulnerability and environmental justice are linked,
whereas susceptibility includes genetics, comorbid
conditions, and age. Center studies in both human
populations and animal models have contributed to
understanding these relationships.

14. Type 2 diabetes was identified as a leading suscepti-
bility factor in many centers. Center studies have in-
cluded susceptibilities of fetal, childhood, and elderly
life stages to ambient particulate toxicity. Considerable
new data continue to strongly support coronary artery
disease, asthma, and COPD as primary susceptibility
factors.

Future directions

Mechanistic research will continue to be the critical basis for
understanding the adverse effects of air pollution. Focus will
shift from single components and sources to understanding
the effects of multipollutant mixtures. Directions for the
continued mechanistic research include both acute and
long-term studies focusing upon inflammatory responses
in the lung, systemic vasculature, heart, and brain.
Identification of new biomarkers and outcomes will be key
for epidemiological studies. Identification of genetic and
epigenetic mechanisms as critical intermediate steps in
responses to multipollutant mixtures will be important, as
will the development of new measures of toxicity.
Enhancing our knowledge in defining the steps from inha-
lation to specific biological outcomes will continue to be a
primary goal. Data generated from the EPA centers are
needed to support the revision and development of air
quality standards in the USA and throughout the world.

Exposure research should continue its focus upon sources
of pollutant exposure, local exposure differences, and

formation of secondary particles formed within the multi-
pollutant atmosphere. Satellite sensing and spatiotemporal
models will play key roles in health effects studies. Defining
exposure–dose–response relationships will remain the basis
of support of EPA’s mission to protect health. During the
past 5 years, center investigators have begun to elucidate the
relationship between increased susceptibility, genes, and
environment and have demonstrated that polymorphisms
in oxidative stress genes can modify responses to PM expo-
sure for various cardiovascular and respiratory outcomes.
Areas of future susceptibility research are likely to include
pregnancy and pregnancy outcomes such as birth weight
and prematurity; neurological diseases, given our increasing
understanding of transport of particles to the brain; and
perhaps systemic diseases such as lupus and rheumatoid
arthritis that are characterized by alterations in immune
function.

Acknowledgments This review is dedicated to the memory of Dr.
Alison Geyh. The authors would like to acknowledge the substantial
contributions of Drs. Michelle Bell, Jack Harkema, Mike Kleinman,
Bruce Urch, Annette Peters, and Alexandria Schneider.

Grant information Although the research described in the article
has been funded wholly or in part by the US EPA, it has not been
subject to the agency’s required peer and policy review and, therefore,
does not necessarily reflect the views of the agency and no official
endorsement should be inferred.

Conflict of interest No competing financial interests on the part of
the authors have been identified.

References

Adamkiewicz G, Ebelt S, Syring M, Slater J, Speizer FE, Schwartz J,
Suh H, Gold DR (2004) Association between air pollution expo-
sure and exhaled nitric oxide in an elderly population. Thorax 59
(3):204–209

Araujo JA, Nel AE (2009) Particulate matter and atherosclerosis: role
of particle size, composition and oxidative stress. Part Fibre
Toxicol 18(6):24, PubMed PMID:19761620

Araujo JA, Barajas B, Kleinman M, Wang XX, Bennett BJ, Gong KW,
Navab M, Harkema J, Sioutas C, Lusis AJ, Nel AE (2008) Ambient
particulate pollutants in the ultrafine range promote early atheroscle-
rosis and systemic oxidative stress. Circ Res 102:589–596

Arhami M, Minguillón MC, Polidori A, Schauer JJ, Delfino RJ,
Sioutas C (2010) Organic compound characterization and source
apportionment of indoor and outdoor quasi-ultrafine PM in retire-
ment homes of the Los Angeles basin. Indoor Air 20:17–30

Ayres JG, Borm P, Cassee FR, Castranova V, Donaldson K, Ghio A et
al (2008) Evaluating the toxicity of airborne particulate matter and
nanoparticles by measuring oxidative stress potential—a work-
shop report and consensus statement. Inhal Toxicol 20:75–99

Baccarelli A, Cassano PA, Litonjua A, Park SK, Suh H, Sparrow D,
Vokonas P, Schwartz J (2008) Cardiac autonomic dysfunction:
effects from particulate air pollution and protection by dietary
methyl nutrients and metabolic polymorphisms. Circulation 117
(14):1802–1809

350 Air Qual Atmos Health (2013) 6:333–355



Baccarelli A, Wright RO, Bollati V, Tarantini L, Litonjua AA, Suh HH,
Zanobetti A, Sparrow D, Vokonas PS, Schwartz J (2009) Rapid
DNA methylation changes after exposure to traffic particles. Am J
Respir Crit Care Med 179(7):572–578

Bartoli CR, Wellenius GA, Coull BA, Akiyama I, Diaz EA, Lawrence
JE, Okabe K, Verrier RL, Godleski JJ (2009) Concentrated ambi-
ent particles alter myocardial blood flow during acute ischemia in
conscious canines. Environ Health Perspect 117(3):333–337

Bateson TF, Schwartz J (2004) Who is sensitive to the effects of
particulate air pollution on mortality? A case-crossover analysis
of effect modifiers. Epidemiology 15:143–149

Bateson TF, Schwartz J (2008) Children’s response to air pollutants. J
Toxicol Environ Health A 71(3):238–243

Bell ML, Dominici F, Ebisu K, Zeger SL, Samet JM (2007a) Spatial
and temporal variation in PM2.5 chemical composition in the
United States for health effects studies. Environ Health Perspect
115:989–995

Bell ML, Ebisu K, Belanger K (2007b) Ambient air pollution and low
birth weight in Connecticut and Massachusetts. Environ Health
Perspect 115(7):1118–1124

Bell ML, Ebisu K, Peng RD, Samet JM, Dominici F (2009) Hospital
admissions and chemical composition of fine particle air pollu-
tion. Am J Respir Crit Care Med 179:1115–1120

Berger A, Zareba W, Schneider A, Ruckerl R, Ibald-Mulli A, Cyrys J,
Wichmann HE, Peters A (2006) Runs of ventricular and supra-
ventricular tachycardia triggered by air pollution in patients with
coronary heart disease. J Occup Environ Med 48(11):1149–
1158

Biswas S, Verma V, Schauer JJ, Cassee FR, Cho AK, Sioutas C (2009)
Redox activity of semi-volatile and non volatile particulate matter
(PM) from heavy-duty vehicles retrofitted with emission control
technologies. Environ Sci Technol 43:3905–3912

Braback L, Forsberg B (2009) Does traffic exhaust contribute to the
development of asthma and allergic sensitization in children:
findings from recent cohort studies. Environ Health 8:17

Brauer M, Hoek G, Smit HA, de Jongste JC, Gerritsen J, Postma DS,
Kerkhof M, Brunekreef B (2007) Air pollution and development
of asthma, allergy and infections in a birth cohort. Eur Respir J 29
(5):879–888

Breitner S, Stölzel M, Cyrys J, Pitz M, Wölke G, Kreyling W,
Küchenhoff H, Heinrich J, Wichmann HE, Peters A (2009)
Short-term mortality rates during a decade of improved air quality
in Erfurt, Germany. Emviron Health Perspect 117(3):448–454

Brook RD, Urch B, Dvonch JT, Bard RL, Speck M, Keeler G,
Morishita M, Marsik FJ, Kamal AS, Kaciroti N, Harkema J,
Corey P, Silverman F, Gold DR, Wellenius G, Mittleman
MA, Rajagopalan S, Brook JR (2009) Insights into the
mechanisms and mediators of the effects of air pollution
exposure on blood pressure and vascular function in healthy
humans. Hypertension 54(3):659–667

Brüske-Hohlfeld I, Hampel R, Socher MM, Rückerl R, Schneider A,
Heinrich J, Wichmann HE, Peters A (2010) Impact of ambient air
pollution on the differential white blood cell count in patients with
chronic pulmonary disease. Inhal Toxicol 22(3):245–252

Campbell A, Oldham M, Becaria A, Bondy SC, Meacher D, Sioutas C,
Misra C, Mendez LB, Kleinman M (2005) Particulate matter in
polluted air may increase biomarkers of inflammation in mouse
brain. Neurotoxicol 26(1):133–140

Campbell A, Araujo JA, Li H, Sioutas C, Kleinman M (2009) Partic-
ulate matter induced enhancement of inflammatory markers in the
brains of apolipoprotein E knockout mice. J Nanosci Nanotechnol
9(8):5099–5104

Chahine T, Baccarelli A, Litonjua A, Wright RO, Suh H, Gold DR,
Sparrow D, Vokonas P, Schwartz J (2007) Particulate air pollu-
tion, oxidative stress genes, and heart rate variability in an elderly
cohort. Environ Health Perspect 115(11):1617–1622

Chan RC-F, Wang M, Li N, Yanagawa Y, Onoe K, Lee JJ, Nel AE
(2006) Pro-oxidative diesel exhaust particle chemicals inhibit
LPS-induced dendritic cell responses involved in T-helper differ-
entiation. J Allergy Clinical Immunology 118:455–465

Chen X, Hopke PK (2009a) Secondary organic aerosol from α-pinene
ozonolysis in a dynamic chamber system. Indoor Air 19:335–345

Chen X, Hopke PK (2009b) A chamber study of secondary organic
aerosol formation by linalool ozonolysis. Atmospheric Environ
43:3935–3940

Chen X, Hopke PK (2010) A chamber study of secondary organic
aerosol formation by limonene ozonolysis. Indoor Air 20:320–
328

Chen JC, Schwartz J (2008) Metabolic syndrome and inflammatory
responses to long-term particulate air pollutants. Environ Health
Perspect 116:612–617

Chen JC, Schwartz J (2009) Neurobehavioral effects of ambient air
pollution on cognitive performance in US adults. Neurotoxicol-
ogy 30(2):231–239

Cheung KL, Polidori A, Ntziachristos L, Tzamkiozis T, Samaras Z,
Cassee FR, Gerlofs M, Sioutas C (2009) Chemical characteristics
and oxidative potential of particulate matter emissions from gas-
oline, diesel, and biodiesel cars. Environ Sci Technol 43
(16):6334–6340

Cho AK, Sioutas C, Miguel AH, Kumagai Y, Schmitz DA, Singh M,
Eiguren-Fernandez A, Froines JR (2005) Redox activity of air-
borne particulate matter at different sites in the Los Angeles
Basin. Environ Res 99:40–47

Chuang KJ, Coull BA, Zanobetti A, Suh H, Schwartz J, Stone PH,
Litonjua A, Speizer FE, Gold DR (2008) Particulate air pollution
as a risk factor for ST-segment depression in patients with coro-
nary artery disease. Circulation 118(13):1314–1320

Clougherty JE, Rossi CA, Lawrence J, Long MD, Diaz EA, Lim R,
McEwen B, Koutrakis P, Godleski JJ (2010) Chronic social stress
and susceptibility to concentrated ambient fine particles in rats.
Environ Heal Perspect 118:769–775

Delfino RJ, Staimer N, Tjoa T, Polidori A, Arhami M, Gillen D et al
(2008) Circulating biomarkers of inflammation, antioxidant activ-
ity, and platelet activation are associated with urban air pollution
in elderly subjects with a history of coronary artery disease. Env
Health Perspect 116:898–906

Delfino RJ, Staimer N, Tjoa T, Gillen D, Polidori A, Arhami M et al
(2009) Air pollution exposures and circulating biomarkers of
effect in a susceptible population: clues to potential causal com-
ponent mixtures and mechanisms. Environ Health Perspect
117:1232–1238

Delfino RJ, Staimer N, Tjoa T, Arhami M, Polidori A, Gillen D et al
(2010a) Association of biomarkers of systemic effects with or-
ganic components and source tracers in quasi-ultrafine particles.
Environ Health Perspect 118:756–762

Delfino RJ, Tjoa T, Gillen D, Staimer N, Polidori A, Arhami M et al
(2010b) Ambulatory blood pressure, time–activity patterns, and
exposure to traffic-related residential air pollution in elderly sub-
jects with coronary artery disease. Epidemiology 21:396–404

Delfino RJ, Staimer N, Tjoa T, Arhami M, Polidori A, George SC et al
(2010c) Associations of primary and secondary organic aerosols
with airway and systemic inflammation in an elderly panel cohort.
Epidemiology 21:892–902

Delfino RJ, Gillen DL, Tjoa T, Staimer N, Polidori A, Arhami M et al
(2011) Electrocardiographic ST segment depression and exposure
to traffic-related aerosols in elderly subjects with coronary artery
disease. Environ Health Perspect 119:196–202

den Hartigh LJ, Lamé MW, Ham W, Kleeman MJ, Tablin F, Wilson
DW (2010) Endotoxin and polycyclic aromatic hydrocarbons in
ambient fine particulate matter from Fresno, California initiate
human monocyte inflammatory responses mediated by reactive
oxygen species. Toxicol In Vitro 24(7):1993–2002

Air Qual Atmos Health (2013) 6:333–355 351



Diaz EA, Lemos M, Coull B, Long MS, Rohr AC, Ruiz P, Gupta T,
Kang CM, Godleski JJ (2011) Toxicological evaluation of realis-
tic emission source aerosols (TERESA)—power plant studies:
assessment of breathing pattern. Inhal Toxicol 23(Suppl 2):42–59

DiStefano E, Eiguren-Fernandez A, Delfino RJ, Sioutas C, Froines JR,
Cho AK (2009) Determination of metal-based hydroxyl radical
generating capacity of ambient and diesel exhaust particles. Inhal
Toxicol 21:731–738

Docherty KS, Wu W, Lim YB, Ziemann PJ (2005) Contributions of
organic peroxides to secondary aerosol formed from reactions of
monoterpenes with O3. Environ Science Technology 39:4049–
4059

Dockery DW, Pope CA 3rd, Xu X, Spengler JD, Ware JH, Fay ME,
Ferris BG Jr, Speizer FE (1993) An association between air
pollution and mortality in six U.S. cities. N Engl J Med 329
(24):1753–1759

Dominici F, Peng RD, Ebisu K, Zeger SL, Samet JM, Bell ML (2007)
Does the effect of PM10 on mortality depend on PM nickel and
vanadium content? A reanalysis of the NMMAPS data. Environ
Health Perspect 115:1701–1703

Donaldson K, Borm PJA, Oberdorster G, Pinkerton KE, Stone V, Tran
CL (2008) Concordance between in vitro and in vivo dosimetry in
the proinflammatory effects of low-toxicity, low-solubility par-
ticles: the key role of the proximal alveolar region. Inhal Toxicol
20:53–62

Dubowsky SD, Suh H, Schwartz J, Coull BA, Gold DR (2006) Dia-
betes, obesity, and hypertension may enhance associations be-
tween air pollution and markers of systemic inflammation.
Environ Health Perspect 114:992–998

Eftim S, Samet JM, Janes H, McDermott A, Dominici F (2008) Fine
particulate matter and mortality: a comparison of the six cities and
American Cancer Society cohorts with a Medicare cohort. Epide-
miology 19:209–216

Eiguren-Fernandez A, Shinyashiki M, Schmitz DA, DiStefano E,
Hinds W, Kumagai Y, Cho AK, Froines JR (2010) Redox and
electrophilic properties of vapor- and particle-phase components
of ambient aerosols. Environ Res 110(3):207–212

Elder A, Gelein R, Silva V, Feikert T, Opanashuk L, Carter J,
Potter R, Maynard A, Ito Y, Finkelstein J, Oberdörster G
(2006) Translocation of inhaled ultrafine manganese oxide
particles to the central nervous system. Environ Health Per-
spect 114(8):1172–1178

Elder A, Couderc J-P, Gelein R, Eberly S, Cox C, Xia X, Zareba W,
Hopke P, Watts W, Kittelson D, Frampton M, Utell M, Oberdörster
G (2007) Effects of on-road highway aerosol exposures on auto-
nomic responses in aged, spontaneously hypertensive rats. Inhal
Toxicol 19(1):1–12

Fakhri AA, Ilic LM, Wellenius GA, Urch B, Silverman F, Gold DR,
Mittleman MA (2009) Autonomic effects of controlled fine par-
ticulate exposure in young healthy adults: effect modification by
ozone. Environ Health Perspect 117(8):1287–1292

Forastiere F, Stafoggia M, Berti G et al (2008) Particulate matter and
daily mortality: a case-crossover analysis of individual effect
modifiers. Epidemiology 19:571–580

Frampton MW, Stewart JC, Oberdörster G, Morrow PE, Chalupa D,
Pietropaoli AP, Frasier LM, Speers DM, Cox C, Huang L-S, Utell
MJ (2006) Inhalation of carbon ultrafine particles alters blood
leukocyte expression of adhesion molecules in humans. Environ
Health Perspect 114(1):51–58

FranklinM, Koutrakis P, Schwartz J, Franklin M, Koutrakis P, Schwartz J
(2008) The role of particle composition on the association between
PM2.5 and mortality. Epidemiology 19(5):680–689

Fruin S, Westerdahl D, Sax T, Sioutas C, Fine PM (2008) Measure-
ments and predictors of on-road ultrafine particle concentrations
and associated pollutants in Los Angeles. Atmospheric Environ-
ment 42:207–219

Ghelfi E, Rhoden CR, Wellenius GA, Lawrence J, Gonzalez-Flecha B
(2008) Cardiac oxidative stress and electrophysiological changes
in rats exposed to concentrated air particles are mediated by TRP-
dependent pulmonary reflexes. Toxicol Sci 102(2):328–336,
Epub 2008 Jan 9

Godleski JJ, Diaz E, Lemos M, Long M, Ruiz P, Gupta T, Kang CM,
Coull B (2011) Toxicological Evaluation of Realistic Emission
Source Aerosols (TERESA)-power plant studies: assessment of
cellular responses. Inhal Toxicol 23(Suppl 2):60–74

Gong KW, Zhao W, Li N, Barajas B, Kleinman M, Sioutas C, Horvath
S, Lusis AJ, Nel A, Araujo JA (2007) Air-pollutant chemicals and
oxidized lipids exhibit genome-wide synergistic effects on endo-
thelial cells. Genome Biol 8:R149

Gryparis A, Coull BA, Schwartz J, Suh HH (2007) Semiparametric
latent variable regression models for spatiotemporal modeling of
mobile source particles in the greater Boston area. Appl Statistics
56:183–209

Gryparis A, Paciorek CJ, Zeka A, Schwartz J, Coull BA (2009)
Measurement error caused by spatial misalignment in environ-
mental epidemiology. Biostatistics 10(2):258–274

Hampel R, Schneider A, Brüske I, Zareba W, Cyrys J, Rückerl R,
Breitner S, Korb H, Sunyer J, Wichmann HE, Peters A (2010)
Altered cardiac repolarization in association with air pollution and
air temperature among myocardial infarction survivors. Environ
Health Perspect 118(12):1755–1761

Hatzis C, Godleski JJ, González-Flecha B, Wolfson JM, Koutrakis P
(2006) Ambient particulate matter exhibits direct inhibitory
effects on oxidative stress enzymes. Environ Sci Technol 40
(8):2805–2811

Henneberger A, Zareba W, Ibald-Mulli A, Rueckerl R, Cyrys J,
Couderc JP, Mykins B, Woelke G, Wichmann HE, Peters A
(2005) Repolarization changes induced by air pollution in
ischemic heart disease patients. Environ Health Perspect 113
(4):440–446

Hildebrandt K, Rückerl R, Koenig W, Schneider A, Pitz M, Heinrich J,
Marder V, Frampton M, Oberdörster G, Wichmann HE, Peters A
(2009) Short-term variation of inflammatory markers in chronic
obstructive pulmonary disease (COPD) patients. Part Fibre Tox-
icol 6:25

Holguin F (2008) Traffic, outdoor air pollution, and asthma. Immunol
Allergy Clin North Am 28(3):577–588, viii–ix

Imrich A, Ning Y, Lawrence J, Coull B, Gitin E, Knutson M, Kobzik L
(2007) Alveolar macrophage cytokine response to air pollution
particles: oxidant mechanisms. Toxicol Appl Pharmacol 218
(3):256–264

Islam T, Gauderman WJ, Berhane K, McConnell R, Avol E, Peters JM,
Gilliland FD (2007) Relationship between air pollution, lung
function and asthma in adolescents. Thorax 62(11):957–963

Jerrett M, Shankardass K, Berhane K, Gauderman WJ, Kunzli N, Avol
E, Gilliland F, Lurmann F, Molitor JN, Molitor JT, Thomas DC,
Peters J, McConnell R (2008) Traffic-related air pollution and
asthma onset in children: a prospective cohort study with individual
exposure measurement. Environ Health Perspect 116(10):1433–
1438

Kleeman MJ, Riddle SG, Robert MA, Jakober CA, Fine PM, Hays
MD, Schauer JJ, Hannigan MP (2009) Source apportionment of
fine (PM1.8) and ultrafine (PM0.1) airborne particulate matter
during a Severe Winter Pollution Episode. Environ Sci Technol
43:272–279

Kleinman MT, Araujo JA, Nel A, Sioutas C, Campbell A, Cong PQ, Li
H, Bondy SC (2008) Inhaled ultrafine particulate matter affects
CNS inflammatory processes and may act via MAP kinase sig-
naling pathways. Toxicol Lett 178(2):127–130

Kreyling WG, Semmler-Behnke M, Seitz J, Scymczak W, Wenk A,
Mayer P, Takenaka S, Oberdorster G (2009) Size dependence of
the translocation of the inhaled iridium and carbon nanoparticle

352 Air Qual Atmos Health (2013) 6:333–355



aggregates from the lung of rats to the blood and secondary target
organs. Inhal Toxicol 21(S1):55–60

Laden F, Schwartz J, Speizer FE, Dockery DW (2006) Reduction in
fine particulate air pollution and mortality: extended follow-up of
the Harvard Six Cities study. Am J Respir Crit Care Med 173
(6):667–672

Lee D, Park SS, Ban-Weiss GA, Fanucchi MV, Plopper CG, Wexler
AS (2008) Bifurcation model for characterization of pulmonary
architecture. Anat Record 291:379–389

Lee D, Wallis C, Wexler AS, Schelegle ES, Van Winkle LS, Plopper
CG, Fanucchi MV, Kumfer B, Kennedy IM, Chan JKW (2010)
Small particles disrupt postnatal airway development. J Applied
Physiol 109:1115–1124

Lemos M, Diaz E, Gupta T, Kang CM, Ruiz P, Coull B, Gonzalez-
Flecha B (2011) Cardiac and pulmonary oxidative stress in rats
exposed to realistic emissions of source aerosols. Inhal Toxicol 23
(Supp 2):75–83

Liu Y, Paciorck CJ, Koutrakis P (2009) Estimating regional spatial and
temporal variability of PM2.5 concentrations using satellite data,
meteorology, and land use formation. Environ Health Perspec-
tives 117(6):886–892

Luttmann-Gibson H, Suh HH, Coull BA, Dockery DW, Sarnat SE,
Schwartz J, Stone PH, Gold DR (2006) Short-term effects of air
pollution on heart rate variability in senior adults in Steubenville,
Ohio. J Occup Environ Med 48(8):780–788

Madrigano J, Baccarelli A, Wright R, Suh H, Sparrow D, Vokonas P,
Schwartz J (2010) Air pollution, obesity, genes, and cellular
adhesion molecules. Occup Environ Med 67(5):312–317

Maynard D, Coull BA, Gryparis A, Schwartz J (2007) Mortality risk
associated with short-term exposure to traffic particles and sul-
fates. Environ Health Perspect 115(5):751–755

Miller LA,Gerriets JE, Tyler NK,Abel K, Schelegle ES, Plopper CG,Hyde
DM (2009) Ozone and allergen exposure during postnatal develop-
ment alters the frequency and airway distribution of CD25+ cells in
infant rhesus monkeys. Toxicol Appl Pharmacol 236(1):39–48

Minguillón MC, Arhami M, Schauer JJ, Sioutas C (2008) Seasonal and
spatial variations of sources of fine and quasi-ultrafine particulate
matter in neighborhoods near the Los Angeles–Long Beach har-
bor. Atmos Environ 42:7317–7328

Mordukhovich I, Wilker E, Suh H, Wright R, Sparrow D, Vokonas PS,
Schwartz J (2009) Black carbon exposure, oxidative stress genes, and
blood pressure in a repeated-measures study. Environ Health Perspect
117(11):1767–1772, Epub 2009 Jul 31. PubMed PMID: 20049130

National Research Council (1998) Research priorities for airborne
particulate matter. I. Immediate priorities and a long-range re-
search portfolio. National Academy Press, Washington

Nel A, Xia T, Mädler L, Li N (2006) Toxic potential of materials at the
nanolevel. Science 311:622–627

Ngo M, Pinkerton KE, Freeland S, Geller M, Ham W, Cliff S, Hopkins
LE, Kleeman MJ, Kodavanti UP, Meharg E, Plummer LE,
Recendez JJ, Schenker MB, Sioutas C, Smiley-Jewell S, Haas
C, Gutstein J, Wexler AS (2010) Airborne particles in the San
Joaquin Valley may affect human health. Calif Agric 64(1):2–16

Oftedal B, Brunekreef B, Nystad W, Nafstad P (2007) Residential
outdoor air pollution and allergen sensitization in schoolchildren
in Oslo, Norway. Clin Exp Allergy 37(11):1632–1640

O’Neill MS, Veves A, Zanobetti A, Sarnat JA, Gold DR, Economides
PA, Horton ES, Schwartz J (2005) Diabetes enhances vulnerabil-
ity to particulate air pollution-associated impairment in vascular
reactivity and endothelial function. Circulation 111:2913–2920

O’Neill MS, Veves A, Sarnat JA et al (2007) Air pollution and
inflammation in type 2 diabetes: a mechanism for susceptibility.
Occup Environ Med 64:373–379

Park SK, O’Neill MS, Vokonas PS, Sparrow D, Schwartz J (2005)
Effects of air pollution on heart rate variability: the VA Normative
Aging Study. Environ Health Perspect 113(3):304–309

Park SK, O’Neill MS, Wright RO, Hu H, Vokonas PS, Sparrow D, Suh
H, Schwartz J (2006) HFE genotype, particulate air pollution, and
heart rate variability: a gene–environment interaction. Circulation
114(25):2798–2805

Park SK, O’Neill MS, Vokonas PS, Sparrow D, Spiro A III, Tucker
KL, Suh H, Hu H, Schwartz J (2008) Traffic-related particles are
associated with elevated homocysteine: the VA Normative Aging
Study. Am J Respir Crit Care Med 178(3):283–289

Peng RD, Chang HH, Bell ML, McDermott A, Zeger SL, Samet JM,
Dominici F (2008) Coarse particulate matter air pollution and
hospital admissions for cardiovascular and respiratory diseases
among Medicare patients. JAMA 299:2172–2179

Peng RD, Bell ML, Geyh AS, McDermott A, Zeger SL, Samet JM,
Dominici F (2009) Emergency admissions for cardiovascular and
respiratory diseases and the chemical composition of fine particle
air pollution. Environ Health Perspect 117:957–963

Peters A (2009) Air quality and cardiovascular health: smoke and
pollution matter. Circulation 120:924–927

Peters A, von Klot S, Heier M, Trentinaglia I, Hörmann A, Wichmann
HE, Löwel H (2004) Exposure to traffic and the onset of myo-
cardial infarction. N Engl J Med 351(17):1721–1730

Peters A, Breitner S, Cyrys J, Stölzel M, Pitz M, Wölke G, Heinrich J,
Kreyling W, Küchenhoff H, Wichmann HE (2009) The influence
of improved air quality on mortality risks in Erfurt, Germany.
Health Effects Institute, Boston, pp 1–94

Pham H, Bonham AC, Pinkerton KE, Chen CY (2009) Central neuro-
plasticity and decreased heart rate variability after particulate
matter exposure in mice. Environ Health Perspect 117(9):1448–
1453

Pietropaoli AP, Frampton MW, Hyde RW, Morrow PE, Oberdörster G,
Cox C, Speers DM, Frasier LM, Chalupa DC, Huang L-S, Utell
MJ (2004) Pulmonary function, diffusing capacity and inflamma-
tion in healthy and asthmatic subjects exposed to ultrafine par-
ticles. Inhal Toxicol 16(suppl 1):59–72

Pinkerton KE, Zhou Y, Zhong C, Smith KR, Teague SV, Kennedy IM,
Menache MG (2008) Mechanisms of particulate matter toxicity in
neonatal and young adult rat lungs. Res Rep Health Eff Inst
(135):3–41; discussion 43–52

Polidori A, Arhami M, Delfino RJ, Allen R, Sioutas C (2007) Indoor–
outdoor relationships, trends and carbonaceous content of fine
particulate matter in retirement communities of the Los Angeles
basin. J Air Waste Manage Assoc 57:366–379

Pope CA III, Thun MJ, Namboodiri MM, Dockery DW, Evans JS,
Speizer FE, Heath CW Jr (1995) Particulate air pollution as a
predictor of mortality in a prospective study of U.S. adults. Am J
Respir Crit Care Med 151(3 Pt 1):669–674

Pope CA III, Ezzati M, Dockery DW (2009) Fine-particulate air
pollution and life expectancy in the United States. N Engl J
Med 360:376–386

Power MC, Weisskopf MG, Alexeeff SE, Coull BA, Spiro A, Schwartz
J (2011) Traffic-related air pollution and cognitive function in a
cohort of older men. Environ Heal Perspect 2011(119):682–687

Pui DYH, Qi C, Stanley N, Oberdörster G, Maynard G (2008) Recir-
culating air filtration significantly reduces exposure to airborne
nanoparticles. Environ Heal Perspect 116(7):863–866

Ramos-Bonilla JP, Breysse PN, Dominici F, Geyh A, Tankersley CG
(2010) Ambient air pollution alters heart rate regulation in aged
mice. Inhal Toxicol 22(4):330–339, Erratum in: Inhal Toxicol
2010; 22(7):618–619

Ren C, Baccarelli A, Wilker E, Suh H, Sparrow D, Vokonas P, Wright
R, Schwartz J (2010a) Lipid and endothelial related genes, ambi-
ent particulate matter, and heart rate variability—the VA Norma-
tive Aging Study. J Epidemiol Community Health 64(1):49–56

Ren C, Park SK, Vokonas PS, Sparrow D, Wilker E, Baccarelli A, Suh
HH, Tucker KL, Wright RO, Schwartz J (2010b) Air pollution
and homocysteine: more evidence that oxidative stress-related

Air Qual Atmos Health (2013) 6:333–355 353



genes modify effects of particulate air pollution. Epidemiology 21
(2):198–206

Rhoden CR, Wellenius GA, Ghelfi E, Lawrence J, González-Flecha B
(2005) PM-induced cardiac oxidative stress and dysfunction are
mediated by autonomic stimulation. Biochim Biophys Acta 1725
(3):305–313

Rich DQ, Zareba W, Beckett W, Hopke PK, Oakes D, Frampton MW,
Bisognano J, Chalupa D, Bausch J, O’Shea K, Wang Y, Utell MJ
(2012) Are ambient ultrafine, accumulation mode, and fine par-
ticles associated with adverse cardiac responses in patients under-
going cardiac rehabilitation? Environ Health Perspect 120
(8):1162–1169. doi:10.1289/ehp.1104262

Riddle SG, Robert MA, Jakober CA, Hannigan MP, Kleeman MJ (2008)
Size-resolved source apportionment of airborne particle mass in a
roadside environment. Environ Sci Technol 42:6580–6586

Riedl MA (2008) The effect of air pollution on asthma and allergy.
Curr Allergy Asthma Rep 8(2):139–146

Romieu I, Tellez-Rojo MM, Lazo M et al (2005) Omega-3 fatty acid
prevents heart rate variability reductions associated with particu-
late matter. Am J Respir Crit Care Med 172:1534–1540

Rückerl R, Ibald-Mulli A, Koenig W, Henneberger A, Woelke G,
Cyrys J, Heinrich J, Marde V, Frampton M, Wichmann HE, Peters
A (2006) Ambient air pollution and markers of inflammation and
coagulation in patients with coronary heart disease. Am J Respir
Crit Care Med 173:432–441

Rückerl R, Phipps RP, Schneider A, Frampton M, Cyrys J, Oberdörster
G, Wichmann HE, Peters A (2007) Ultrafine particles and platelet
activation in patients with coronary heart disease—results from a
prospective panel study. Part Fibre Toxicol 4:1

Ruiz PA, Gupta T, Kang CM, Lawrence JE, Ferguson ST, Wolfson JM,
Rohr AC, Koutrakis P (2007a) Development of an exposure
system for the toxicological evaluation of particles derived from
coal-fired power plants. Inhal Toxicol 19(8):607–619

Ruiz PA, Lawrence JE, Wolfson JM, Ferguson ST, Gupta T, Kang CM,
Koutrakis P (2007b) Development and evaluation of a photo-
chemical chamber to examine the toxicity of coal-fired power
plant emissions. Inhal Toxicol 19(8):597–606

Saxon A, Diaz-Sanchez D (2000) Diesel exhaust as a model xenobiotic
in allergic inflammation. Immunopharmacology 48(3):325–327

Schneider A, Neas L, Herbst MC, Case M, Williams RW, Cascio W,
Hinderliter A, Holguin F, Buse JB, Dungan K, Styner M, Peters
A, Devlin RB (2008) Endothelial dysfunction: associations with
exposure to ambient fine particles in diabetic individuals. Environ
Health Perspect 116(12):1666–1674

Schneider A, Neas LM, Graff DW, Herbst MC, Cascio WE, Schmitt
MT, Buse JB, Peters A, Devlin RB (2010) Association of cardiac
and vascular changes with ambient PM2.5 in diabetic individuals.
Particle and Fibre Toxicology 7:14

Schwartz J, Park SK, O’Neill MS, Vokonas P, Sparrow D, Weiss ST,
Kelsey K (2005) GSTM1, obesity, statins, and autonomic effects
of particles: gene-by-drug-by-environment interaction. Am J
Respir Crit Care Med 172:1529–1533

Semmler-Behnke M, Takenaka S, Feretsch S, Wenk A, Seitz J, Mayer
P, Oberdorster G, Kreyling WG (2007) Efficient elimination of
inhaled nanoparticles from the alveolar region: evidence for in-
terstitial uptake and subsequent re-entrainment onto airways epi-
thelia. Environ Health Perspect 115(5):728–733

Shah AP, Pietropaoli AP, Frasier LM, Speers DM, Chalupa DC, Delehanty
JM, Huang L-S, Utell MJ, Frampton MW (2008) Effect of inhaled
carbon ultrafine particles on reactive hyperemia in healthy human
subjects. Environ Health Perspect 116:375–380

Shankardass K, McConnell R, Jerrett M, Milam J, Richardson J,
Berhane K (2009) Parental stress increases the effect of traffic-
related air pollution on childhood asthma incidence. Proc Natl
Acad Sci U S A 106(30):12406–12411

Shinyashiki M, Rodriguez CR, DiStefano EM, Sioutas C, Delfino RJ,
Kumagai Yet al (2008) On the interaction between glyceraldehyde-
3-phosphate dehydrogenase and airborne particles: evidence for
electrophilic species. Atmos Environ 42:517–529

Shinyashiki M, Eiguren-Fernandez A, Schmitz DA, Di Stefano E, Li
N, Linak W, Cho S-H, Froines J, Cho AK (2009) Electrophilic
and redox properties of diesel exhaust particles. Environ Res
109:239–244

Sienra-Monge JJ, Ramirez-Aguilar M, Moreno-Macias H, Reyes-Ruiz
NI, del Río-Navarro BE, Ruiz-Navarro MX, Hatch G, Crissman
K, Slade R, Devlin RB, Romieu I (2004) Antioxidant supplemen-
tation and nasal inflammatory responses among young asthmatics
exposed to high levels of ozone. Clin Exp Immunol 138:317–322

Sioutas C, Delfino RJ, Singh M (2005) Exposure assessment for
atmospheric ultrafine particles (UFP) and implications in epide-
miologic research. Environ Health Perspect 113:947–955

Smith KR, Veranth JM, Kodavanti UP, Aust AE, Pinkerton KE (2006)
Acute pulmonary and systemic effects of inhaled coal fly ash in
rats: comparison to ambient environmental particles. Toxicol Sci
93(2):390–399

Stewart JC, Chalupa D, Devlin RB, Frasier LM, Huang L-S, Little EL,
Lee SM, Phipps RP, Pietropaoli AP, Taubman MB, Utell MJ,
Frampton MW (2010) Vascular effects of ultrafine particles in
persons with type 2 diabetes. Environ Health Perspect 118
(12):1692–1698, Epub 2010 Sep 7. PubMed PMCID: 3002188

Stölzel M, Breitner S, Cyrys J, Pitz M, Wölke G, Kreyling W, Heinrich
J, Wichmann H-E, Peters A (2007) Daily mortality and particulate
matter in different size classes in Erfurt, Germany. J Exposure
Science Environm Epidemiol 17:458–467

Suglia SF, Gryparis A, Schwartz J, Wright RJ (2008) Association be-
tween traffic-related black carbon exposure and lung function
among urban women. Environ Health Perspect 116(10):1333–1337

Tonne C, Yanosky J, Gryparis A, Melly S, Mittleman M, Goldberg R,
von Klot S, Schwartz J (2009) Traffic particles and occurrence of
acute myocardial infarction: a case-control analysis. Occup Envi-
ron Med 66(12):797–804, Epub 2009 Jun 23. PubMed PMID:
19553228

U.S. EPA (2010) National Center for Environmental Research PM
Centers. Available at http://www.epa.gov/ncer/science/pm/ cen-
ters.html. Accessed 2 December 2009

Urch B, Silverman F, Corey P, Brook JR, Lukic KZ, Rajagopalan S,
Brook RD (2005) Acute blood pressure responses in healthy
adults during controlled air pollution exposures. Environ Health
Perspect 113(8):1052–1055

Utell MJ, Frampton MW, Zareba W, Devlin RB, Cascio WE (2002)
Cardiovascular effects associated with air pollution: potential
mechanisms and methods of testing. Inhal Toxicol 14:1231–1247

Venkatachari P, Hopke PK, Grover BD, Eatough DJ (2005) Measure-
ment of particle-bound reactive oxygen species in Rubidoux
aerosols. J Atmospheric Chemistry 50:49–58

Venkatachari P, Hopke PK, Brune WH, Ren X, Lesher R, Mao J,
Mitchell M (2007) Characterization of wintertime reactive oxygen
species concentrations in Flushing, New York. Aerosol Sci Tech-
nol 41:179–201

Verma V, Polidori A, Cassee FR, Schaffer M, Schauer JJ, Sioutas C
(2009a) Physicochemical and toxicological properties of particu-
late matter from October 2007 Southern California wildfires.
Environmental Science and Technology 43(3):954–960

Verma V, Ning Z, Cho AK, Schauer JJ, Shafer MM, Sioutas C (2009b)
Redox activity of urban quasi-ultrafine particles from primary and
secondary sources. Atmospheric Environ 43:6360–6368

von Klot S, Gryparis A, Tonne C, Yanosky J, Coull BA, Goldberg RJ,
Lessard D, Melly SJ, Suh HH, Schwartz J (2009) Elemental
carbon exposure at residence and survival after acute myocardial
infarction. Epidemiology 20(4):547–554

354 Air Qual Atmos Health (2013) 6:333–355

http://dx.doi.org/10.1289/ehp.1104262
http://www.epa.gov/ncer/science/pm/centers.html
http://www.epa.gov/ncer/science/pm/centers.html


WangT,Moreno-VinascoL,HuangY, LangGD, Linares JD,Goonewardena
SN, Grabavoy A, Samet JM, Geyh AS, Breysse PN, Lussier YA,
Natarajan V, Garcia JG (2008) Murine lung responses to ambient
particulate matter: genomic analysis and influence on airway hyper-
responsiveness. Environ Health Perspect 116(11):1500–1508

Wang T, Chiang ET, Moreno-Vinasco L, Lang GD, Pendyala S, Samet
JM, Geyh AS, Breysse PN, Chillrud SN, Natarajan V, Garcia JG
(2010) Particulate matter disrupts human lung endothelial barrier
integrity via ROS- and p38 MAPK-dependent pathways. Am J
Respir Cell Mol Biol 42(4):442–449

Wegesser TC, Pinkerton KE, Last JA (2009) California wildfires of
2008: coarse and fine particulate matter toxicity. Environ Heal
Perspect 117:893–897

Weisskopf MG, Proctor SP, Wright RO, Schwartz J, Spiro A III,
Sparrow D, Nie HL, Hu H (2007) Cumulative lead exposure
and cognitive performance among elderly men. Epidemiology
18(1):59–66

Wellenius G, Diaz EA, Gupta T, Ruiz PA, Long M, Kang CM, Coull
BA, Godleski JJ (2011) Electrocardiographic and respiratory
responses to coal-fired power plant emissions in a rat model of
acute myocardial infarction: results from the Toxicological Eval-
uation of Realistic Emissions of Source Aerosols Study. Inhal
Toxicol 23(Suppl 2):84–94. PubMed PMID: 21401387

Wilker E, Mittleman MA, Litonjua AA, Poon A, Baccarelli A, Suh H,
Wright RO, Sparrow D, Vokonas P, Schwartz J (2009a) Postural
changes in blood pressure associated with interactions between
candidate genes for chronic respiratory diseases and exposure to
particulate matter. Environ Health Perspect 117(6):935–940

Wilker EH, Alexeeff SE, Poon A, Litonjua AA, Sparrow D, Vokonas
PS, Mittleman MA, Schwartz J (2009b) Candidate genes for
respiratory disease associated with markers of inflammation and
endothelial dysfunction in elderly men. Atherosclerosis 206
(2):480–485

Wilker E, Baccarelli A, Suh HH, Vokonas P, Wright RO, Schwartz J
(2010) Black carbon exposures, blood pressure and interactions
with SNPs in MicroRNA processing genes. Environ Health Per-
spect 7:943–948, PubMed PID: 20211803

Wilson DW, Aung HH, Lame MW, Plummer L, Pinkerton KE, Ham
W, Kleeman M, Norris JW, Tablin F (2010) Exposure of mice to
concentrated ambient particulate matter results in platelet and
systemic cytokine activation. Inhal Toxicol 22(4):267–276

Wu J, Ren C, Delfino RJ, Chung J, Wilhelm M, Ritz B (2009)
Association between local traffic-generated air pollution and pre-
eclampsia and preterm delivery in the South Coast Air Basin of
California. Environ Health Perspect 117(11):1773–1779

Xia T, Kovochich M, Nel AE (2007) Impairment of mitochondrial
function by particulate matter (PM) and their toxic components:
implications for PM-induced cardiovascular and lung disease.
Front Biosci 12:1238–1246

Yang IA, Fong KM, Zimmerman PV, Holgate ST, Holloway JW (2008)
Genetic susceptibility to the respiratory effects of air pollution.
Thorax 63(6):555–563

Yue W, Schneider A, Stölzel M, Rückerl R, Cyrys J, Pan X, Zareba W,
Koenig W, Wichmann HE, Peters A (2007) Ambient source-

specific particles are associated with prolonged repolarization
and increased levels of inflammation in male coronary artery
disease patients. Mutat Res 621(1–2):50–60

Zanobetti A, Schwartz J (2002) Cardiovascular damage by airborne
particles: are diabetics more susceptible? Epidemiology 13:588–592

Zanobetti A, Schwartz J (2006) Air pollution and emergency admis-
sions in Boston, MA. J Epidemiol Community Health 60:890–
895

Zanobetti A, Schwartz J (2009) The effect of fine and coarse particulate
air pollution on mortality: a national analysis. Environ Health
Perspect 117:898–903

Zanobetti A, Canner MJ, Stone PH, Schwartz J, Sher D, Eagan-
Bengston E, Gates KA, Hartley H, Suh H, Gold DR (2004)
Ambient pollution and blood pressure in cardiac rehabilitation
patients. Circulation 110(15):2184–2189

Zanobetti A, Franklin M, Koutrakis P, Schwartz J (2009a) Fine partic-
ulate air pollution and its components in association with cause-
specific emergency admissions. Environ Health 8:58

Zanobetti A, Stone PH, Speizer FE, Schwartz JD, Coull BA, Suh HH,
Nearing BD, Mittleman MA, Verrier RL, Gold DR (2009b) T-
wave alternans, air pollution and traffic in high-risk subjects. Am
J Cardiol 104(5):665–670

Zanobetti A, Gold DR, Stone PH, Suh HH, Schwartz J, Coull BA,
Speizer FE (2010) Reduction in heart rate variability with traffic
and air pollution in coronary artery disease patients. Environ Heal
Perspect 118(3):324–330

Zareba W, Couderc JP, Oberdörster G, Chalupa D, Speers DM, Cox C,
Huang L-S, Peters A, Utell MJ, Frampton MW (2009) ECG
parameters and exposure to carbon ultrafine particles in young
healthy subjects. Inhalation Tox 21:223–233

Zeger SL, Dominici F, McDermott A, Samet JM (2008) Mortality in
the medicare population and chronic exposure to fine particulate
air pollution. Environ Health Perspect 116:1614–1619

Zeka A, Sullivan JR, Vokonas PS, Sparrow D, Schwartz J (2006)
Inflammatory markers and particulate air pollution: characterizing
the pathway to disease. International Journal of Epidemiology 35
(5):1347–1354

Zeka A, Melly SJ, Schwartz J (2008) The effects of socioeconomic
status and indices of physical environment on reduced birth
weight and preterm births in Eastern Massachusetts. Environ
Health 7:60

Zhang YX, Schauer JJ, Shafer MM, Hannigan MP, Dutton SJ (2008)
Source apportionment of in vitro reactive oxygen species bioassay
activity from atmospheric particulate matter. Environ Sci Technol
42(19):7502–7509

Zhao Y, Usatyuk PV, Gorshkova IA, He D, Wang T, Moreno-Vinasco
L, Geyh AS, Breysse PN, Samet JM, Spannhake EW, Garcia JG,
Natarajan V (2009) Regulation of COX-2 expression and IL-6
release by particulate matter in airway epithelial cells. Am J
Respir Cell Mol Biol 40(1):19–30

Zhong CY, Zhou YM, Smith KR, Kennedy IM, Chen CY, Aust AE,
Pinkerton KE (2010) Oxidative injury in the lungs of neonatal rats
following short-term exposure to ultrafine iron and soot particles.
J Toxicol Environ Health A 73(12):837–847

Air Qual Atmos Health (2013) 6:333–355 355


	US EPA particulate matter research centers: summary of research results for 2005–2011
	Abstract
	Introduction
	Biological mechanisms of PM response
	PM size, composition, and reactivity—deposition, uptake, and oxidative stress
	Target: respiratory
	Target: immune system
	Target: cardiac
	Target: vascular
	Target: autonomic/brain
	Target: genetic/epigenetic

	Source linkages
	Linking PM health impacts to sources
	Transformations from source to receptor
	Source health effects
	Sources and exposure modeling

	Exposure–dose–response relationships
	Exposure–dose–response in human experimental and panel studies
	Exposure–dose–response in epidemiological studies of morbidity and mortality

	Susceptibility
	Genes, diet, and PM susceptibility
	Susceptibility during critical stages of the life cycle
	Fetal life and early childhood: birth outcomes
	Animal model for early life susceptibility to airway development disruption
	Susceptibility in children: neurocognitive outcomes
	Susceptibility in the elderly: subclinical cardiac outcomes
	Susceptibility in the elderly: blood pressure
	Susceptibility in the elderly: neurocognitive outcomes
	Preexisting disease as a source of susceptibility to acute and chronic effects of pollution
	Animal model and in vitro supportive evidence for susceptibility
	Susceptibility in humans with preexisting cardiac disease
	Blood pressure
	Susceptibility in humans with preexisting diabetes or metabolic syndrome
	Clinical outcomes

	Susceptibility in humans with preexisting asthma and chronic obstructive lung disease
	Clinical outcomes


	Conclusions
	Future directions

	References


